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(57) Abstract: The invention provides a method of immunization against Helicobacter, involving mucosal administration of an 
attenuated Salmonella vector including a nucleic acid molecule encoding a Helicobacter antigen, and parenteral administration of 
a soluble Helicobacter antigen, co-administered with a suitable parenteral adjuvant Also provided by the invention are attenuated 
Salmonella vectors for use in this method. 
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Mutants of Salmonella typhimurium lacking DNA adenine methylase are 
attenuated for virulence in BALB/c mice. LD(50) values of a DNA adenine 
methylation (Dam) (-) mutant are at least 10(3)- to 10 (4) -fold higher than 
those of the parental strain when administrated by oral or intraperitoneal 
routes. Dam(-) mutants are unable to proliferate in target organs but 
persist in low nuxnbers in these locations. Efficient protection to 
challenge with the virulent parental strain is observed in mice infected 
with a Dam(-) mutant. Use of the ileal loop assay shows that Dam{-) mutants 
are less cytotoxic to M cells and fail to invade enterocytes. In the tissue 
culture model, lack of DNA adenine methylation causes reduced ability to 
invade nonphagocytic cells. In contrast, no effect is observed either in 
intracellular proliferation within nonphagocytic cells or in survival 
within macrophages. The invasion defect of Dam(-) mutants is correlated 
with a distinct pattern of secreted proteins, which is observed in both 
PhoP {+) and PhoP (-) backgrounds. Altogether, our observations suggest a 
multifactorial role of Dam methylation in Salmonella virulence. 
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Salmonella typhimurium lacking DNA adenine methylase (Dam) were fully 
proficient in colonization of mucosal sites but showed severe defects in 
colonization of deeper tissue sites. These Dam- mutants were totally 
avirulent and were effective as live vaccines against murine typhoid fever. 
Dam regulated the expression of at least 20 genes known to be induced 
during infection; a subset of these genes are among those activated by the 
PhoP global virulence regulator. PhoP , in turn, affected Dam 
methylation at specific genomic sites, as evidenced by alterations in DNA 
methylation patterns. Dam inhibitors are likely to have broad antimicrobial 
action, and Dam- derivatives of these pathogens may serve as live 
attenuated vaccines. 
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preferred embodiments the bacterial cell includes a 
second mutation which attenuates virulence. 

In yet other preferred embodiments of the vaccine 
the two-component regulatory system is the phoP 
5 regulatory region, emd the gene under the control of the 
two-component system is a phoP regulatory region 
regulated gene, e.g., a prg or pag gene, e.g., pagC. In 
preferred embodiments constitutive expression is the 
result of a change or mutation (preferably a non- 
10 revertible mutation) at the promoter of the regulated 
gene or of the phoP regulatory region, e.g., a mutation 
in the pboQ or the phoP gene, e.g., the pho^^ mutation. 

In preferred embodiments of the vaccine the 
Salmonella cell includes a first mutation which 
15 attenuates virulence, e.g., a mutation in a pJioP 

regulatory region gene, e.g., a mutation in the phoP or 
phoQ gene, e.g., phoP®, or a mutation in a phoP 
regulatory region regulated gene, and a second mutation 
which attenuates virulence, e.g., a mutation in an 
20 aromatic amino acid synthetic gene, e.g., an aro gene, a 
mutation in a phoP regulatory region regulated gene, 
e.g., a mutation in a prg or pag locus, e.g., a page 
mutation. 

In yet other preferred embodiments the bacterial 
25 cell includes a first mutation in a phoP regulatory 

region gene and a second mutation in an aromatic amino 
acid synthetic gene, e.g, an aro gene. 

In another aspect, the invention features a 
vaccine, prefereibly a live vaccine, including a bacterial 
30 cell, the virulence of which is attenuated by a mutation 
in a gene under the control of a two-component regulatory 
system. In preferred embodiments the bacterial cell 
includes a virulence attenuating mutation in a second 
gene, e.g., in an aromatic amino acid synthetic gene, 
35 e.g., an aro gene. 
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(57) Abstract 



The subject of the invention is the use of an immunogenic agent derived from Helicobacter, in the manufacture of a pharmaceutical 
composition intended for the induction of a T helper 1 (Ibl) type immune response against Helicobacter, to prevent or treat a Helicobacter 
infection in a mammal. Hiis is in particular achieved when the pharmaceutical composition is intended to be administered by the systemic or 
parenteral route, for example, in the part of the mammal situated under its diaphragm. Also included in the invention is a mucosal/paronteral 
immunization method for the prevention or treatment of Helicobacter infecticHi. 
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jSmi'HEUCOBACTER VACCTNF COMPQSITTON FOR I JSR RY 
THE SUBDIAPHRAG MATTC SYSTF.MIC ROT JTR AND COMRTNRn 

MUCOSAL/PARENTERAT. IMMUNIZATION METHOD 
The subject of the present invention is the specific use of a vaccine preparation 
intended to induce, in a mammal, a protective immune response against a pathogenic 
organism infecting the mucous membranes, in particular against Helicobacter 
bacteria. 

Helicobacter is a bacterial genus characterized by Gram-negative helical 
bacteria. Several species colonize the gastrointestinal tract of mammals. There may be 
mentioned in particular /f. pylori, H. heilmanii, H.felis, and H, mustelae. Although 
K pylori is the species most commonly associated with hxrnian infections, in some 
rare cases, it has been possible to isolate in man K heilmanii and H.felis. A 
bacterixim of the Helicobacter type, Gastrospirillum hominis, has also been described 
in man. 

Helicobacter infects more than 50% of the adult population in developed 
countries and nearly 100% of that of developing countries, thereby making it one of 
the predominant infectious agents worldwide. 

H pylori is so far exclusively found at the surface of the mucous membrane of 
the stomach in man and more particularly around the crater lesions of gastric and 
duodenal ulcers. This bacterium is currently recognized as the aetiological agent of 
antral gastritis and appears as one of the cofactors required for the development of 
ulcers. Moreover, it seems that the development of gastric carcinomas may be 
associated with the presence of K pylori. 

It therefore appears to be highly desirable to develop a vaccine intended to 
prevent or treat Helicobacter infections. 

To date, several Helicobacter proteins have aheady been proposed as vaccinal 
antigens and the method of vaccination that is commonly recommended consists of 
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delivering the antigen at the level of the gastric mucous membrane, that is to say at the 
very site where the immune response is desired. To do this, oral administration was 
therefore selected. 

Still with the same aim, induction of an immune response at the level of the 
stomach, it has been more recentiy proposed to deliver the antigen at a mucosal site 
other than the gastric mucous membrane, such as the nasal or rectal mucous 
membrane, for example (WO 96/31235). Lymphocytes stimulated by the antigen in a 
so-called inducer mucosal territory can migrate and circulate selectively so as to go 
and induce an unmune response in other so-called effector mucosal territories. 

A variant of these methods involves carrying out a first immunization by the 
systemic route before administering the antigen by the nasal route. 

For administration by the mucosal route, the antigen, most often a bacterial 
lysate or a purified protein, is combined with an appropriate adjuvant such as cholera 
toxin (CT) or the heat-labile toxin (LT) firom E. coli. 

When administration by the mucosal route is used, the humoral response that is 
observed is predominantly of the IgA type. This indeed indicates that there has been a 
local immune response. 

Some authors thought very early on that there was a good correlation between a 
strong response of the IgA type and a protective effect (Czinn et a/., Vaccine (1993) 
11: 637). Others gave a more reserved opinion (Bogstedt et a/., Clin. Exp. Immunol. 
(1996) IQ^: 202). Although there is up until now no real certainty on this subject, the 
induction of antibodies that are in particular of the IgA type appears nonetheless 
desirable for most authors. 

In general, the appearance of IgAs is indicative of the coming into play of a 
response on the part of the type 2 T helper lymphocytes (Th2 response). 

Indeed, the stimulation of the T helper lymphocytes by a particular antigen 
makes it possible to obtain various subpopulations of T helper cells, characterized by 
different cjrtokine synthesis profiles. 
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The Thl cells in particular produce selectively interleukiii-2 (IL-2) and 
interferon-Y (IFN-Y), whereas the Th2 cells secrete preferably IL-4, IL-5, and IL-10. 
Because of their differentiated production of cytokines, these two types of T helper 
cells have distinct roles: the Thl cells promote cell-mediated inmiunity, i,a,, an 
inflammatory-type response, whereas the Th2 cells stimulate humoral response of the 
IgA, IgE, and certain IgG subclass types. It is also known that the cytokmes produced 
by mouse Thl cells can stimulate antibody response and in particular that IFN-y 
induces an IgG2a response. Thus, from the various studies in the prior art, the 
view emerges according to which the induction of a Th2 response characterized by the 
appearance of IgA is essential, if not enough, to obtain a protective effect. 

Surprisingly, it has now been discovered that even if a Th2 response is not 
damaging, it is also necessary to induce a high Thl response. Indeed, experimental 
results now demonstrate that a protective effect may be more easily coirelated with a 
Thl response than with a Th2 response. 

Contrary to what was initially sought (D'Elios et aL, J. Immunol (1997) 158 : 
962), the present application therefore reveals the importance of inducing an 
inflammatory-type Thl response at the time of immunization, without which a 
protective effect cannot be observed. 

Consequenfly, the subject of the present invention is: 

(i) The use of an immunogenic agent derived from a microorganism capable of 
infecting the gastroduodenal mucous membrane of a mammal, e.g., derived from 
Helicobacter^ in the manufacture of a pharmaceutical composition intended for the 
induction of a Thl -type immune response against the said microorganism, e.g„ 
Helicobacter, for treating or preventing an infection, e.g., a Helicobacter infection in a 
mammal; and 

(ii) a method for preventing or treating an infection promoted by a 
microorganism capable of infecting the gastroduodenal mucous membrane of a 
mammal, e.g., a Helicobacter infection, according to which there is administered to 
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the mammal, in one or more applications, at least one immunogenic agent derived 
from the said microorganism, e.g., from Helicobacter, and by which a Thl-type 
inmiune response is induced against, e.g., Helicobacter, 

The induction of a useful Thl response can be demonstrated for the purposes of 
the present invention by estimating the relative level of the Thl response relative to 
the Th2 response by comparing, for example, the IgG2a and IgGl levels induced in 
mice against Helicobacter, which are respectively indicative of the coming into play 
of the Thl and Th2 responses. Indeed, the Thl response which is sought is generally 
accompanied by a Th2 response. However, it is considered that the Th2 response 
should not be significantly predominant relative to the Thl response. The IgG2a and 
IgGl levels induced in mice can be assessed conventionally using an ELISA test, 
provided that the tests used for each of the two subisotypes are of the same sensitivity 
and, in particular, that the anti-IgG2a and anti-IgGl antibodies are of tiie same 
affinity. 

The quantities of IgG2a and IgGl can be measured in particular xising an 
ELISA test that is identical or similar to that described below. The wells of a 
polycarbonate ELISA plate are coated with 100 ^\ of a bacterial extract from 
Helicobacter, e.g., H pylori, at about 10 /zg/ml in carbonate buffer. The ELISA plate 
is incubated for 2 hours at 37°C and then overnight at 4°C. The plate is washed with 
PBS buffer (phosphate buffered saline) containing 0.05% Tween 20 (PBS/Tween 
buffer). The wells are saturated with 250 ^1 of PBS containing 1% bovine serum 
albumin to prevent nonspecific binding of the antibodies. After incubating for one 
hour at 37°C, the plate is washed with PBS/Tween buffer. The antiseram collected 
from mice, a number of days after the latter have received the composition intended to 
induce a Thl-type immune response against Helicobacter, is serially diluted in 
PBS/Tween buffer. 100 ^A of the dilutions are added to the wells. The plate is 
incubated for 90 minutes at 37 °C, washed, and evaluated according to standard 
procedures. For example, a goat antibody to mouse IgG2a or IgGl, coupled to an 
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enzyme such as peroxidase, is xised. The incubation in the presence of this antibody is 
continued for 90 minutes at 37°C. The plate is washed and then the reaction is 
developed with the appropriate substrate, for example, O-phenyldiamine 
dihydrochloride when the enzyme used is peroxidase. The reaction is evaluated by 
colorimetry by measuring the absorbance by spectrophotometry. The IgG2a or IgG 1 
titre of the antiserum corresponds to the reciprocal of the dilution giving an 
absorbance of 1 ,5 at 490 nm. 

The induction of a useful Thl response for the purposes of the present 
invention is marked by a ratio of the ELISA IgG2a:IgGl titers in mice which should 
be greater than 1/100, 1/50, or 1/20, advantageously greater than 1/10, preferably 
greater than 1/3, most preferably greater than 14, 5, or 10. When this ratio is around 1, 
the Thl/Th2 response is said to be mixed or balanced. When the ratio is greater than 
or equal to 5, the Thl response is then said to be preponderant. 

The production of a Thl (or Th2) response in mice is predictive of a Thl (or 
Th2) response in man. Although it is easier to evaluate the type of response in mice, it 
can also be done in man by measuring the levels of cytokines specific for the Thl 
response on the one hand and, on the other hand, for the Th2 response, which are 
subsequently induced. The Thl and Th2 responses can be evaluated directly in man 
relative to each other on the basis of the levels of cytokines specific for the two types 
of response (see above), e.g., on the basis of the IFN-y/IL-4 ratio. 

Altematively, if the assay method described above is used, it is possible to 
predict that the ELISA titre that reflects the quantity of IgG2a should be equal to or 
greater than 10,000, preferably equal to or greater than 100,000, in a particularly 
preferred manner, equal to or greater than 1,000,000; this then means that the Thl 
response is significant. 

The mammal for which the pharmaceutical composition or the method is 
intended is advantageously a primate, preferably a hmnan. 

It is possible to induce a Thl response against Helicobacter by adjusting a 
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number of factors, such as, for example, the route of administration. It has indeed 
been demonstrated that by using the systemic or parenteral route, a level of protection 
can be obtained that is similar to or greater than that observed when the mucosal route 
is used. 

Accordingly, the subject of the invention is in particular: 

(i) the use of an immunogenic agent derived from Helicobacter, in the 
manufacture of a pharmaceutical composition intended to be administered by the 
systemic or parenteral route in the part of a mammal, especially a primate, situated 
under its diaphragm, for treating or preventing a Helicobacter infection; and 

(ii) a method for preventing or treating a Helicobacter infection in a mammal, 
according to which there is administered to the said mammal, in one or more 
applications, by the systemic or parenteral route, at least one immunogenic agent 
derived from Helicobacter. 

As regards the method, it is indicated that, advantageously, the administration 
of the immunogenic agent by the systemic or parenteral route is repeated once or 
several times, preferably at least twice, for the desired immune response to be induced, 
A preferred method by which a protective effect is obtained is in particular a method 
according to which the immunogenic agent is administered exclusively by the 
systemic or parenteral route (strict systemic route). "A method in which the 
administration of the immunogenic agent is carried out by the strict systemic route" is 
defined as a method not using a route of administration other than the systemic route. 
For example, a method in which the immunogenic agent is administered by the 
systemic route and by the mucosal route does not correspond to the definition given 
above. In other words, "a method in which the administration of the immunogenic 
agent is carried out by the strict systemic route" should be understood to mean a 
method in which the immunogenic agent is administered by the systemic route 
excluding any other route, in particular the mucosal route. 

Still as regards the method, the administration by the systemic or parenteral 
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route is advantageously carried out in the subdiaphragmatic part of the mammal. 

The immunogenic agent derived from Helicobacter is advantageously selected 
from a preparation of inactivated Helicobacter bacteria, a Helicobacter cell lysate, a 
peptide and a polypeptide from Helicobacter in purified form. The immunogenic 
agent can also be a polynucleotide molecule, especially a DNA molecule including a 
sequence encoding a peptide or a polypeptide from Helicobacter placed under the 
control of elements necessary for its expression in a mammalian cell, or alternatively a 
viral vaccinal vector including a sequence encoding a peptide or a polypeptide from 
Helicobacter placed under the control of elements necessary for its expression in a 
mammalian cell. 

For the piuposes of the present invention, a preparation of inactivated bacteria 
can be obtained according to conventional methods well known to persons skilled in 
the art. Likewise for a bacterial lysate. Adoseof inactivated bacteria or cell lysate, 
appropriate for prophylactic or therapeutic purposes, can be determined by persons 
skilled in the art and depends on a number of factors, such as the individual for whom 
the vaccine is intended, e.g., the individual's age, the antigen itself, the route and 
mode of administration, the presence/absence or the type of adjuvant, as can be 
determined by persons skilled in the art. In general, it is indicated that an appropriate 
dose is from about 50 Mg to 1 mg at about 1 mg of lysate, 

A peptide or a polypeptide derived ftom Helicobacter can be purified from 
Helicobacter or obtained by genetic engineering techniques or alternatively by 
chemical synthesis. The latter process is advantageous in the case of peptides. 
"Peptide" is any amino acid chain of less than about 50 amino acids. When the size is 
greater, the term "polypeptide," which is also interchangeable with the term '^protein," 
is used. A usefiil peptide or polypeptide for the purposes of the present invention can 
be identical or similar to that which exists under natural conditions. It is similar in 
that it is capable of inducing an immune response of the same type but it can include 
certain structural variations such as, for example, a mutation, the addition of a residue 
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of a lipid nature, or, alternatively, it can be in fusion polypeptide or peptide form. 

An appropriate dose of peptide or polypeptide for prophylactic or therapeutic 
purposes can be determined by persons skilled in the art and depends on a number of 
factors, such as the individual for whom the vaccine is intended, e.g., the age of the 
individual, the antigen itself, the route and mode of administration, the 
presence/absence or the type of adjuvant, as can be determined by persons skilled in 
the art. In general, it is indicated that an appropriate dose is from about 10 Aig to about 
1 mg, preferably at about 100 /ig. 

The DNA molecule can advantageously be a plasmid that is incapable both of 
replicating and of substantially integrating into the genome of a mammal. The above- 
mentioned coding sequence is placed under the control of a promoter allowing 
expression in a mammalian cell. This promoter can be ubiquitous or specific for a 
tissue. Among the ubiquitous promoters, there may be mentioned the 
Cytomegaloviras early promoter (described in U.S. Patent No. 4,168,062) and the 
Rous sarcoma virus promoter (described in Norton & Coffin, Molec. Cell. Biol. 
(1985) 5: 281). The desmin promoter (Li et al. Gene (1989) 2g: 244443; Li & Paulin, 
J. Biol. Chem. (1993) 10403), which is a selective promoter, allows expression in 
muscle cells and also in skin cells. A promoter specific for mtiscle cells is, for 
example, the promoter of the myosin or dystrophin gene. Plasmid vectors that can be 
used for the purposes of the present invention are described, /.a., in WO 94/21797 and 
Hartikka et aL, Human Gene Therapy (1996) 1: 1205. 

In a useful pharmaceutical composition for the purposes of the present 
invention, the nucleotide molecule, e.g., the DNA molecule, can be formulated or 
otherwise. The choice of formulation is highly varied. The DNA can be simply 
diluted in a physiologically acceptable solution with or without carrier. When the 
latter is present, it can be isotonic or weakly hypertonic and can have a low ionic 
strength. For example, these conditions can be fiilfiUed by a sucrose solution, e.g., at 
20%. 
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Altematively, the polynucleotide can be combined with agents that promote 
entry into the cell. This can be (i) a chemical agent that modifies cell permeability, 
such as bupivacaine (see, for example, WO 94/16737), or (ii) an agent that is 
combined with the polynucleotide and that acts as a vehicle facilitating the transport of 
the polynucleotide. The latter may be in particular cationic polymers, e.g., polylysine 
or a polyamine, e.g., derivatives of spermine such as spermidine (see WO 93/18759). 
This can also be fusogenic peptides, e.g., GALA or Gramicidin S (see WO 93/19768) 
or, altematively, peptides derived fi-om viral fusion proteins. 

This can also be anionic or cationic lipids. The anionic or neutral lipids have 
been known for a long time to be capable of serving as transporting agents, for 
example, in the form of liposomes, for a large number of compounds, including 
polynucleotides. A detailed description of these liposomes, of their constituents, and 
of the processes for their manufacture is, for example, provided by Liposomes: A 
Practical Approach, RPC New Ed., IRL press (1990). 

The cationic lipids are also known and are commonly used as transporting 
agents for polynucleotides. There may be mentioned for example Lipofectin™ also 
known by the name DOTMA (N-[l-(2,3-dioleyloxy) propyl]-N,N,N- 
trimethylanmionium chloride), DOTAP (l,2-bis(oleyloxy)-3-(trimethyl- 
ammonio)propane), DDAB (dimethyldioctadecylammonium bromide), DOGS 
(dioctadecylamidoglycyl spermine), and cholesterol derivatives, such as DC-chol (3- 
beta-(N-(N*,N'-dimethylaminoethane) carbamoyl) cholesterol). A description of these 
lipids is provided by EP 1 87,702, WO 90/1 1092, U.S. Patent No. 5,283,1 85, WO 
91/15501, WO 95/26356, and U.S. Patent No. 5,527,928. The cationic lipids are 
preferably used with a neutral lipid such as DOPE (dioleylphosphatidylethanolamine) 
as is, for example, described in WO 90/1 1092. 

Gold or tungsten microparticles can also be used as transporting agents, as 
described in WO 91/359, WO 93/17706, and Tang et aL, Nature (1992) 356: 152. In 
this particular case, the polynucleotide is precipitated on the microparticles in the 



wo 98/48835 PCT/US98/08890 

-10- 

presence of calcium chloride and speraiidine, and then the whole is administered by a 
high-speed jet into the deraiis or into the epidermis using an apparatus with no needle, 
such as those described in U.S. Patent Nos. 4,945,050 and 5,015,580, and WO 
94/24243. 

The quantity of DNA that can be used to vaccinate an individual depends on a 
number of factors such as, for example, the strength of the promoter used to express 
the antigen, the immunogenicity of the product expressed, the condition of the 
mammal for whom the administration is intended (e.g., the weight, age, and general 
state of health), the mode of administration, and the type of formulation. It is 
indicated in particular that the administration by the intramuscular route requires a 
larger quantity of DNA than the administration by the intradermal route using an 
apparatus with no needle. In general, an appropriate dose for prophylactic or 
therapeutic use in an adult of the human species is from about 1 to about 5 mg, 
preferably from about 10 //g to about 1 mg, most preferably from about 25 fxg to about 
500 Mg. 

Vaccinal vectors are among the immunogenic agents mentioned above. 
Adenoviruses and poxviruses in particular are among the vectors of viral origin. An 
example of a vector derived fit»m an adenovirus, as well as a method for constructing 
a vector capable of expressing a DNA molecule encoding a useful peptide or 
polypeptide for the purposes of the present invention, are described in U.S. Patent No. 
4,920,209. Poxviruses that can be used likewise are, for example, the vaccinia and 
canarypox viruses. They are described respectively in U.S. Patents Nos. 4,722,848 
and 5,364,773 (see also, e.g., Tartaglia et al. Virology (1992) IM: 217 and Taylor et 
a/., Vaccine (1995) 13: 539). Poxviruses capable of expressing a useful peptide or 
polypeptide for the purposes of the present invention can be obtained by homologous 
recombination, as described in Kieny et al. Nature (1984) 212: 163, such that the 
DNA fragment encoding the peptide or polypeptide is placed under conditions 
appropriate for its expression in manunalian cells. A bacterial vector such as the bile 
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Calmette-Guerin bacillxis can also be used. 

In general, the dose of a viral vector intended for prophylactic or therapeutic 
purposes can be from about 1 x lO"* to about 1 x lo*', advantageously from about 1 x 
10^ to about 1 X 10^°, and preferably from about 1 x loMo about 1 x 10^ plaque 
forming units per kilogram. 

The immunogenic agent derived from Helicobacter can be any polypeptide 
from Helicobacter^ e.g., K pylori. This can be in particular a polypeptide present in 
the cytoplasm, a polypeptide of the inner or outer membrane, or a polypeptide secreted 
in the external medium. Numerous polypeptides from Helicobacter have already been 
described in the literature, either with reference to their amino acid sequence deduced 
from the sequence of the cloned or identified corresponding gene, or with reference to 
a purification process that makes it possible to obtain them in a form isolated from the 
rest of their natural environment. As a guide, the following documents arc mentioned 
in particular: WO 94/26901 and WO 96/34624 (HspA), WO 94/09023 (CagA), WO 
96/38475 (HpaA), WO 93/181 150 (cytotoxine), WO 95/27506 and Hazell et al, J. 
Gen. Microbiol. (1991) 132: 57 (catalase), FR 2 724 936 (membrane receptor for 
human lactoferrin), WO 96/41880 (AlpA), EP 752 473 (FibA) and OToole et a/., J. 
Bact, (1991) 123: 505 (TsaA). Other polypeptides are also described in WO 
96/40893, WO 96/33274, WO 96/25430, and WO 96/33220. A useful polypeptide for 
the purposes of the present invention can be identical or similar to one of those cited 
as a reference insofar as it is capable of promoting an immune response against 
Helicobacter. In order to meet this last condition, the immimogenic agent can also be 
a peptide derived from a polypeptide cited as a reference. 

Advantageously, a polypeptide selected from the UreA and UreB subunits of 
Helicobacter urease is used (see WO 90/4030). Preferably, both are used, combined 
in urease apoenzyme form or alternatively in multimeric form (see WO 96/33732). 

Likewise, a useful vaccinal vector or DNA molecule for the purposes of the 
present invention includes a sequence that can encode any polypeptide or peptide 
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described above. 

A DNA molecule, or preferably a viral vaccinal vector, can also include a 
sequence encoding a cytokine, for example, a lymphokine, such as interleuldn-2 or 
interleukin-12, under the control of elements appropriate for expression in a 
mammalian cell. An alternative to this option also consists in adding to a useful 
pharmaceutical composition for the purposes of the present invention comprising a 
DNA molecule or a vector, another molecule, or viral vector encoding a cytokine. 

A useful pharmaceutical composition for the purposes of the present invention 
can contain a single inmiunogenic agent or several. For example, an advantageous 
composition can comprise UreA and UreB, e.g., in apoen2yme form, as well as one or 
more other polypeptides selected in particular fijom those mentioned above. Likewise, 
when a DNA molecule or a vaccinal vector is involved, the composition can contain 
several of them, each encoding a particular polypeptide or a single DNA molecule or 
vaccinal vector encoding several peptides or polypeptides. 

A useful pharmaceutical composition for the purposes of the present invention 
can, in addition, contain compounds other than the immunogenic agent itself, the 
nature of these compounds depending, to a certain extent, on the nature of the 
immunogenic agent, inactivated bacteria, cell lysate, peptide, or polypeptide, DNA 
molecule, or vaccinal vector. Thus, as has already been seen above, when a DNA 
molecule is involved, the pharmaceutical composition can include various formulation 
agents. A composition can also include an appropriate adjuvant for administration by 
the systemic or parenteral route, e.g., an aluminum compound, such as aluminum 
hydroxide, aluminum phosphate, or aluminum hydroxyphosphate. In general, it is 
indicated that inactivated bacteria may not require the addition of an adjuvant. The 
same is true as regards the DNA molecules. On the other hand, the presence of an 
adjuvant is preferable when the immunogenic agent is a bacterial lysate or a purified 
peptide or polypeptide. Finally, when the immunogenic agent is a vaccinal vector, tiie 
use thereof is preferably avoided so that the immune response towards the vector itself 
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remains minimal. 

In addition to the aluminxmi compounds, a large number of appropriate 
adjuvants for administration by the systemic or parenteral route exist in the state of the 
art among which persons skilled in the art are capable of selecting the one that best 
corresponds to their needs; in particular a compound capable of promoting the 
induction of a Thl-type immune response or a balanced response of the Thl + Th2 
type. As a guide, there can be mentioned in particular liposomes; ISCOMS; 
microspheres; protein chochleates; vesicles consisting of nonionic surfactants; cationic 
amphiphilic dispersions in water, oil/water emulsions; muramidyldipeptide (MDP) 
and its derivatives such as glucosyl muramidyldipeptide (GMDP), threonyl-MDP, 
murametide and mm^palmitin; and QuilA and its subfractions; as well as various other 
compounds such as monophosphoryl-lipid A (MPLA) major lipopolysaccharide from 
the wall of a bacterium, for example of E, coli. Salmonella minnesota, Salmonella 
typhimurium, or Shigella flexneri; algan-glucan; gamma-inulin; calcitriol; and 
loxoribine. 

Useful liposomes for the purposes of the present invention can be selected in 
particular from pH-sensitive liposomes, such as those formed by mixing cholesterol 
hemisuccinate (CHEMS) and dioleyl phosphatidyl ethanolamine (DOPE); liposomes 
containing cationic lipids recognized for their fusiogenic properties, such as 3-beta- 
(N-(N',N'-dimethylamino-ethane)carbamoyl)cholesterol (DC-chol) and its 
equivalents, which are described in U.S. Patent No. 5,283,185 and WO 96/14831, 
dimethyldioctadecylammoniimn bromide (DDAB) and the BAY compounds described 
in EP 91645 and EP 206 037, for example Bay R1005 (N-(2-deoxy-2-L-leucylamino- 
beta-D-glucopyranosyl)-N-octa-decyldodecanoylamide acetate; and liposomes 
containing MTP-PE, a lipophilic derivative of MDP (muramidyldipeptide). These 
liposomes are useful for adding as adjuvant to all the immunogenic agents cited. 

Useftil ISCOMs for the purposes of the present invention can be selected in 
particular from those compounds of QuilA or of QS-21 combined with cholesterol and 
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optionally also with a phospholipid such as phosphatidylcholine. These are 
particularly advantageous for the formulation of the lipid-containing antigens. 

Useful microspheres for the purposes of the present invention can be formed in 
particular from compounds such as polylactide-co-glycolide (PLAGA), alginate, 
chitosan, polyphosphazene, and numerous other polymers. 

Usefiil protein chochleates for the purposes of the present invention can be 
selected in particular from those formed from cholesterol and optionally an additional 
phospholipid, such as phosphatidylcholine. These are especially advantageous for the 
formulation of the lipid-containing antigens. 

Useful vesicles consisting of nonionic surfactants for the purposes of the 
present invention can be in particular formed by a mixture of 1-mono-palmitoyl 
glycerol, cholesterol, and dicetylphosphate. They are an altemative to the 
conventional liposomes and can be used for the formulation of all the immunogenic 
agents cited. 

Useful oil/water emulsions for the purposes of the present invention can be 
selected in particular from MF59 (Biocine-Chiron), SAFl (Syntex), and the 
montanides ISA51 and ISA720 (Seppic). 

A useful adjuvant for the purposes of the present invention can also be a 
fraction derived from the bark of the South American tree Quillaja Saponaria Molina; 
for example, QS-21, a fraction purified by HPLC chromatography as is described in 
U.S. Patent No. 5,057,540. Since some toxicity may be associated with QS-21, it may 
be advantageous to use the latter in liposomes especially based on sterol, as is 
described in WO 96/33739. 

Finally, an adjuvant effect can also be obtained by adding lipid to the usefiil 
peptide or polypeptide for the pxirposes of the present invention. The combination, by 
covalent bonding, of such a peptide or polypeptide with a lipid or a lipid-containing 
compound capable of promoting the induction of a Thl-type inunune response, so as 
to form a lipid-containing lipopeptide or polypeptide conjugate, can be achieved in 
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various ways known to persons skilled in the art. For example, it is possible to use 
one of the compounds described in EP 431 327 such as N-palmitoyl-S-2,3- 
(bispahnitoyloxy) propylcysteinylseryl serine (Pam3CSS), which is coupled by known 
processes to the N-terminal end of the peptide or polypeptide. 

The therapeutic or prophylactic efficacy of a method or of a use according to 
the invention can be evaluated according to standard methods, e.g., by measuring the 
induction of an immune response or the induction of a therapeutic or protective 
immunity using, e.g., the monse/Kfelis model and the procedures described in Lee et 
al^ Eur. J. Gastroenterology & Hepatology (1995) 7: 303 or Lee et al, J. Infect. Dis. 
(1995) 172: 161. Persons skilled in the art will realize that Kfelis can be replaced in 
the mouse model by another Helicobacter species. For example, the efficacy of an 
immunogenic agent derived from H. pylori is preferably evaluated in a mouse model 
using an K pylori strain adapted to mice. The efficacy can be determined by 
comparing the level of infection in the gastric tissue (by measuring the urease activity, 
the bacterial load, or the condition of the gastritis) with that in a control group. A 
therapeutic effect or a protective effect exists when the infection is reduced compared 
with the control group. 

A useful pharmaceutical composition for the purposes of the present invention 
can be manufactured in a conventional manner. In particular, it can be formulated 
with a pharmaceutically acceptable carrier or diluent, e.g., water or a saline solution. 
In general, the diluent or carrier can be selected according to the mode and route of 
administration and according to standard pharmaceutical practices. Appropriate 
carriers or diluents, as well as what is essential for the preparation of a pharmaceutical 
composition, are described in Remington 's Pharmaceutical Sciences, a standard 
reference book in this field. 

The methods according to the invention, as well as the compositions iiseful for 
these purposes, can be used to treat or prevent, i.a., Helicobacter infections and 
consequently the gastroduodenal diseases associated with these infections, including 
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acute, chronic, or atrophic gastritis, and peptic ulcers, eg., gastric or duodenal ulcers. 

The systemic route that is used can be the parenteral route, which can itself be 
chosen from the intravenous, intramuscular, intradermal, intraepidermal, and 
subcutaneous routes; the latter four being however preferred to the intravenous route. 
The intramuscular and subcutaneous routes are particularly recommended. In all 
cases, the use that will be made of the pharmaceutical composition can call into play a 
site of administration situated under the diaphragm of an individual. The dorsolumbar 
region constitutes, for example, an appropriate site of administration. 

To obtain a protective or therapeutic effect, the operation that consists of 
administering, for example, by the subdiaphragmatic systemic route, a useful 
pharmaceutical composition for the purposes of the present invention can be repeated 
once or several times, leaving a certain time interval between each administration; 
which interval is of the order of a week or a month. Its precise determination is within 
the capability of persons skilled in the art and can vary according to various factors, 
such as the nature of the immunogenic agent, the age of the individual, and the like. 
In this particular case, the administration is said to be of the strict systemic type. By 
way of a nonlimiting illustration, there may be mentioned a vaccination scheme that 
consists of administering the urease apoenzyme three times by the subcutaneous route, 
in the dorsolumbar region, with an interval of two to four weeks between each 
administration. 

According to an altemative mode, it is possible to envisage operating in a strict 
systemic mode of administration, but using immunogenic agents that vary during the 
administrations constitutmg the steps of the vaccination procedure. By way of a 
nonlimiting illustration, there may be mentioned a vaccination scheme by the strict 
systemic route, in three steps: a first administration (priming) consists of 
administering a pox vector encoding, e.g., UreA and UreB, followed by two 
consecutive administrations (boosters) of the urease apoenzyme. 

In general, the subject of the invention is therefore also a pharmaceutical 
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composition intended to treat or prevent a Helicobacter infection which includes, for 
consecutive administration, several products, each of the products being formulated so 
as to be administered by the subdiaphragmatic systemic route and containing an 
immunogenic agent derived from Helicobacter selected independently from a 
preparation of inactivated Helicobacter bacteria, a Helicobacter c€i\ lysate, a peptide, 
a polypeptide from Helicobacter in purified form, a DNA molecule comprising a 
sequence encoding a peptide or a polypeptide from Helicobacter placed under the 
control of the elements necessary for its expression, and a vaccinal vector including a 
sequence encoding a peptide or a polypeptide from Helicobacter placed under the 
control of the elements necessary for its expression, preferably provided that when a 
first product contains a peptide or a polypeptide and a second product contains a DNA 
molecule or a vaccinal vector, the coding sequence of the DNA molecule or of the 
vaccinal vector encodes the peptide or polypeptide contained in the first product. 

Finally, an alternative vaccination procedure comprising seveml 
administrations staggered over time, e.g., within time intervals of the order of a week 
or a month, to be determined by persons skilled in the art, can include a first 
administration by the subdiaphragmatic systemic route and a second administration by 
the mucosal route other than the intranasal route, e.g., by the ocular, oral, e.g., buccal 
or gastric, pulmonary, intestinal, rectal, vaginal, or urinary route. By way of a 
nonlimiting illustration, there can be mentioned a vaccination procedure that consists 
of administering a DNA molecule or a vaccinal vector by the subdiaphragmatic 
systemic route and then in administering a polypeptide by the gastric route, the DNA 
molecule or the vaccinal vector preferably encoding the polypeptide administered by 
the gastric route. 

In general, the subject of the invention is therefore also a pharmaceutical 
composition intended to treat or prevent a Helicobacter infection that contains, for 
consecutive administration, several products; one of the products being formulated so 
as to be administered by the subdiaphragmatic systemic route and another product 
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being formulated so as to be administered by a mucosal route other than the intranasal 
route; each of the products containing an immunogenic agent derived jfrom 
Helicobacter selected independently from a preparation of inactivated Helicobacter 
bacteria, a Helicobacter cell lysate, a peptide, a polypeptide from Helicobacter in 
purified form, a DNA molecule including a sequence encoding a peptide, or a 
polypeptide from Helicobacter placed under the control of the elements necessary for 
its expression and a vaccinal vector including a sequence encoding a peptide or a 
polypeptide from Helicobacter placed under the control of the elements necessary for 
its expression, preferably provided that when a first product contains a peptide or a 
polypeptide and a second product contains a DNA molecule or a vaccinal vector, the 
coding sequence of the DNA molecule or of the vaccinal vector encodes the peptide or 
polypeptide contained in the first product 

A vaccinal vector contained in a product intended to be administered by the 
mucosal route can be chosen from those described above. In addition, it can be 
selected from bacterial vectors such as Shigella, Salmonella, Vibrio cholerae, 
Lactobacillus^ and Streptococcus. 

Nontoxic mutant strains of Vibrio cholerae that can be usefiil as live vaccine 
vectors are described, for example, in Mekalanos et aL, Nature (1983) 306 : 551 and 
U.S. Patent No. 4,882,278 (strain in which a substantial part of the region encoding 
each of the two alleles ctxA has been deleted so that no frinctional toxin can be 
produced); WO 92/1 1354 (strain in which the irgA locus is inactivated by mutation; 
tiiis mutation may be combined in the same strain with ctxA mutations); and WO 
94/1533 (mutant obtained by deletion lacking fimctional ctxA and attRSl sequences). 
These strains can be modified genetically to express heterologous antigens as 
described m WO 94/19482. 

Attenuated strains of Salmonella typhimurium^ genetically modified or 
otherwise for the recombinant expression of heterologous antigens, as well as their use 
as vaccines, are described in Nakayama et a/., BioTechnology (1988) 6: 693 and WO 
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Other bacteria xisefiil as vaccinal vectors are described in High et aL, EMBO 
(1992) 11: 1991 and Sizemore et al. Science (1995) 22Q: 299 {Shigella flexneri); 
Medaglini et aL, Proc. Natl. Acad. Sci. USA (1995) 22: 6868 {Streptococcus 

5 gordonii); and Flynn J.L., Cell. Mol. Biol. (1994) 40 (suppl. I): 31 , WO 88/6626, WO 
90/0594, WO 91/13157, WO 92/1796, and WO 92/21376 (Calmette-Guerin bacillus). 

In bacterial vectors, the DNA sequence encoding a peptide or polypeptide from 
Helicobacter can be inserted into the bacterial genome or alternatively remain in the 
free state, carried by a plasmid. Obviously, this sequence is placed under the control 

10 of the elements necessary for its expression in the bacterial vector. 

These bacterial vectors for administration by the mucosal route can be used in 
combination with an appropriate adjuvant. Such adjuvants may be chosen from 
bacterial toxins, e.g., the cholera toxin (CT), the E. coli heat-labile toxin (LT), the 
Clostridium difficile toxin, and the Pertussis toxin (PT), or combinations, subunits, 

15 toxoids, or mutants that are derived therefrom. For example, it is possible to use a 
purified preparation of the native cholera toxin B subunit (CTB). Fragments, 
homologues, derivatives, and fiisions of these toxins are equally suitable provided they 
retain the adjuvant activity. Preferably, a mutant is used whose toxicity is reduced. 
Such mutants are described m, e.g., WO 95/1721 1 (mutant CT Arg-7-Lys), 

20 WO 96/6627 (mutant LT Arg-192-Gly), and WO 95/34323 (mutant PT Arg-9-Lys and 
Glu-129-Gly). Other LT mutants that can also be used carry at least one of the 
following mutations: Ser-63-Lys, Ala-69-Gly, Glu-llO-Asp, and Glu-112-Asp. 

Other compounds, such as MPLA, PLGA, DC-chol, and QS-21 can also be 
used as adjuvants for the mucosal route. 

25 The invention also includes immunization methods for treating or preventing 

Helicobacter {e,g,, H. pylori) infection that involve mucosal {e.g., oral, intranasal, 
intragastric, pulmonary, intestinal, rectal, ocular, vaginal, or urinary tract) 
administration, followed by parenteral {e.g., intramuscular, subcutaneous, intradermal, 
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intramuscular, intravenous, or intraperitoneal). In one example of these methods, 
mucosal administration is carried out to prime an immune response to an antigen, and 
parenteral administration is carried out to boost the immune response to the antigen. 
Other examples of these methods involve altemating parenteral and mucosal 
administrations, for example, the following pattern can be used: intramuscular 
administration, combined intragastric + intranasal administration, intramuscular 
administration, and combined intragastric + intranasal administration. Antigens, 
formulations, adjuvants, administration regimens, specific mucosal and parenteral 
routes, and dosages to be used can readily be determined by one skilled in the art. 
Specific examples of these parameters that can be adapted for use in these methods are 
provided above. 

In the description above, reference was made essentially to Helicobacter 
infections and to the means for combating them by way of prevention and prophylaxis. 
However, it should be understood that the principles and methods stated above can be 
applied mutatis mutandis to any other infection induced by any microorganism whose 
seat is the stomach, the duodenum or the intestine. 

It is specified, in addition, that all the documents published and cited in the 
present application are incorporated by reference. 

The invention is illustrated below with reference to the following figures. 

Figure 1 refers to Example 1 and presents a study of the local response in the 
salivary glands (Figure 1 A) and in the stomach (Figure IB) evaluated by ELISPOT by 
measuring the quantity of anti-urease IgA induced, expressed as spots/10^ cells 
(Figure 1 A) or as number of responding mice, exhibiting more than 2 IgA 
spots/mouse, (Figure IB), after (a) administration of urease at DO by the subcutaneous 
route (SC) in the left posterior sublumbar part [(a) and (c)] or in the neck [(b) and (d)], 
followed by a booster by the nasal route (N) and intragastric route (IG), at D28 [(a) 
and (b)] or at D28 and D56 [(c) and (d)]. 

Figure 2 refers to Example 1 and presents the levels of urease activity after a 
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challenge, measured 4 hours after sacrificing mice which have received 3 times, on 
DO, D28 and D56, an inactivated bacterial preparation by the intragastric route [(a) 
and (c)] or subcutaneous route in the left posterior sublumbar part (b). In experiment 
(c), 10 //g of cholera toxin were added to the bacterial preparation. Experiments (d) 
and (e) correspond respectively to the positive and negative controls. 

Figure 3 refers to Example 1 and presents the levels of urease activity after a 
challenge, measured 4 hours after sacrificing mice which have received 3 times, on 
DO, D28, and D56: (a) a urease preparation encapsulated at about 80% in DC-chol 
liposomes, in the dorsolimibar muscles; or (b) a urease preparation with cholera toxin 
adjuvant, by the intragastric route. Experiments (c) and (d) correspond respectively to 
the positive and negative controls. 

Figure 4 refers to Example 1 and presents the levels of urease activity after a 
challenge measured 4 hours after sacrificing mice which have received 3 times, on DO, 
D28, and D56: (a) a urease preparation with cholera toxin adjuvant, by the intragastric 
route or (b) a urease preparation with QS-21 adjuvant, by the subcutaneous route in 
the left posterior sublumbar part. Experiments (c) and (d) correspond respectively to 
the positive and negative controls. 

Figure 5 presents the quantities of serum immunoglobulins induced in monkeys 
subjected to the immunization procedxires described in Example 2, and expressed as 
ELISA titre. A control group comprising 4 monkeys and three test groups are formed, 
each of the test groups comprising 8 monkeys; each test group is divided mto two 
subgroups of 4 monkeys, one receiving only the inactivated //. pylori preparation (1, 
2, and 3) and the other receiving the inactivated H. pylori preparation and recombinant 
urease (lu, 2u, and 3u). Group 1 and lu corresponds to the administration procedure 
[nasal intragastric, 4 times]; group 2 and 2u corresponds to the administration 
procedxu^ [intramiiscular, 4 times]; group 1 and lu corresponds to the administration 
procedure [nasal + intragastric, intramuscular, nasal + intragastric, intramuscular]. 
The ELISA titre is measured three tunes: a first tune at DO (white band), a second 
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time at D42 (shaded band), a third time at D78 (black band). 

Figures 6 A and 6B show the urease activity (Figure 6A) measured after 4 hours 
(OD550 nm) using the Jatrox test (Procter & Gamble) and the bacterial load in mice 
infected with K pylori and then submitted to various treatments A - H [A: LT + 
urease, orally; B: QS-21 + urease, parenterally in die neck; C: QS-21 urease, 
parenterally in the lumbar region; D: QS-21 alone, sub-cutaneously in the lumbar 
region; E: Bay R1005 + urease, parenterally in the neck; F: Bay R1005 + urease, 
parenterally in the lumbar region; G: Bay R1005 alone, sub-cutaneously in the lumbar 
region (control); H: saline, sub-cutaneously in the lumbar region (positive control)]. I 
represents the negative control. 

Figure 7 presents the results of immunization of mice with a mucosal 
prime/parenteral boost strategy with urease induced the most efficacious protection 
against challenge with K pylori. Mice were immunized either orally with 25 
urease + 5 /^g LT or parenterally with 10 /zg urease with or without 100 //g alum 
adjuvant. The mice were primed with orally administered urease + LT, 2 booster 
doses were administered three weeks apart by either the parenteral or oral route, as 
shown in the figure. Mice were challenged with K pylori two weeks after the last 
immunization and euthanized 2 weeks after challenge. At necropsy, one-third of the 
stomach, dissected longitudinally, was homogenized and cultured for H, pylori. 

Figure 8 shows the effect of urease inmnmization on experimental challenge of 
rhesus monkeys with H. pylori. Monkeys were immunized with urease by parenteral 
routes (100 /ig urease + 1 mg alum or 800 /zg Bay) or by a mucosal prime (orally 
administered 4 mg urease +100 /zg LT)/parenteral boost (urease + alum) strategy with 
3 doses administered every 3 weeks followed by a fourth dose administered 20 weeks 
after the first priming dose. Monkeys were challenged one week after the last booster 
dose. The monkeys were euthanized 10 weeks after challenge, 10 punch biopsies per 
animal were harvested from the stomach and cultured to determine K pylori 
colonization. Each symbol above represents the mean CFU of 10 sites cultured per 
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monkey. The line represents the median CFU for the treatment group. 

Figure 9 presents gastritis scores in immxmized and unimmunized rhesus 
monkeys following challenge with K pylori. Monkeys were orally immunized with a 
priming dose of 4 mg urease + 100 ^g LT followed 3 weeks later with 2 parenteral 
administered 20 weeks after the first priming dose. Monkeys were challenged one 
week after the last booster dose. The monkeys were euthanized 10 weeks after 
challenge, 2 cm^ sections were taken from the corpus, antrum and corporal-antral 
junction, fixed in 10% buffered formalin, embedded in paraffin and sections stained 
with H & E. Gastritis, typified by infiltration of lymphocytes, plasma cells, and 
polymorphonuclear cells, was scored by microscopic examination of stained sections. 
Each symbol above represents the mean gastritis score of the 3 regions from each 
monkey. 

Figure 10 presents epithelial changes in inmiunized and unimmunized rhesus 
monkeys following challenge with K pylori. Monkeys were orally immunized with a 
priming dose of 4 mg urease + 100 //g LT followed 3 weeks later with 2 parenteral 
doses of 100 Aig m^ase + 1 mg alum every 3 weeks and 1 parenteral dose of urease + 
alum administered 20 weeks after the first priming dose. Monkeys were challenged 
one week after the last booster dose. The monkeys were euthanized 10 weeks after 
challenge, 2 cm^ sections were taken from the corpus, antrum and corporal-antral 
jimction, fixed in 10% buffered formalin, embedded in paraffin and sections stained 
with H & E. Epithelial changes, defined as metaplasia, atrophy and/or hyperplasia, 
was scored by microscopic examination of stained sections. Each symbol above 
represents the mean gastritis score of the 3 regions from each monkey. 

Example 1: Immunization studies in mice 
lA - Materials and methods 

Mice 

6/8-week old female Swiss mice were provided by Janvier (France). During 
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the whole experiment, sterilized materials were used; the cages were protected by 
"isocaps;" the mice were fed with filtered water and irradiated food. 



Administration procedure 

Ehiring each experiment, the mice received 3 doses of the same product; each 
dose at 28-day intervals (days 0, 28, and 56). The administration of the product was 
carried out by the nasal route (up to 50 fA on waking mice), by the oral route (300 fA 
in 0.2 M NaHCOj by gastric gavage), or by the subcutaneous route (300 fA under the 
skin of the neck or under the skin on the left side of the lumbar region). In some 
cases, an intramuscular inoculation was carried out (50 lA) in the dorsolumbar muscles 
of anaesthetized mice. Ten fig of urease were administered by the nasal, subcutaneous 
or intramuscular route, and 40 fxg by the oral route. As regards the inactivated 
bacterial preparation, 400 fig of cells were administered by the subcutaneous route or 
by the oral route. 

Antigens and adjuvanis 

The H. pylori urease apoenzyme was expressed in E, coli and purified as has 
been described in Example 5 of WO 96/31235. In the remainder of the text, the 
simple term of urease is used to designate this apoenzyme. 

A preparation of inactivated H, pylori bacteria (WC) was prepared as follows: a 
bottle of fix)zen bacteria ATCC 43579 is diluted in a two-phase medium in a 75 cm^ 
flask (Costar), This medium is composed of a solid constituent (10 ml Columbia agar 
(BioMerieux) + 6% sheep blood (BioMerieux)) and a Uquid constituent (3 ml of TSB, 
BioMerieux). The flask is placed in a generbag containing a microaer (BioMerieux) 
and incubated with gentle shaking for 48 hours at ZVC. Culture is then analyzed 
(mobility, urease, catalase, and production of oxidase) and centrifiiged (optionally 
after having grouped together several flasks) at 3,000 rpm for 20 minutes at 4°C. The 
pellet is resuspended in PBS (BioM6rieux) containing 1% formalin (37% formalin. 
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Sigma). The volume is adjusted so as to obtain a final concentration of 2 mg/ml (1 ml 
having an OD of 1 at 600 nm before centrifiigation corresponds to 377 of protein). 
The product is mixed gently at A^'C for 4 hours, washed 3 times in PBS, and the final 
solution is concentrated to 100 /^g of protein/50 fA. The aliquots are kept at -70°C. 

DC-chol liposomes containing urease are prepared as follows: first of all, to 
obtain a dry lipid film containing 100 mg of DC-chol (R-Gene Therapeutics) and 
100 mg of DOPC (dioleylphosphatidylcholine) (Avanti Polar Lipids), these products 
are mixed in powdered form in about 5 ml of chloroform. The solution is allowed to 
evaporate under vacuum using a rotary evaporator. The film thus obtained on the 
walls of the container is dried under high vacuum for at least 4 hours. In parallel, 
20 mg of a urease lyophilisate and 100 mg of sucrose are diluted in 13.33 ml of 
20 mM Hepes buffer pH 7.2. Ten ml of this preparation (which contains 1.5 mg of 
urease and 0.75% sucrose) is filtered on the 0.220 fim Millex filter and then used to 
rehydrate the lipid film. The suspension is stirred for 4 hours and then either extruded 
(10 passes on a 0.2 fxm polycarbonate membrane) or microfluidized (10 passes at a 
pressure of 500 kPa in a Microfluidics Co YIO microfluidizer). In the liposome 
suspension thus obtained, the level of encapsulated urease is fi^om 10 to 60%. This 
suspension is lyophilized after having adjusted the sucrose concentration to 5% 
(425 mg of sucrose are added per 10 ml). Before use, the lyophilisate is taken up in an 
appropriate volume of water or buffer and the suspension is purified on a 
discontinuous sucrose gradient (steps of 0, 30, and 60%) so as to obtain a preparation 
in which the quantity of encapsulated urease is greater than about 70% compared with 
the total quantity of urease. 

Cholera toxin is used as mucosal adjuvant in an amount of 10 /^g/dose of urease 
or of bacterial preparation. 

The QS-21 (Cambridge Biosciences; Aquila) is used as adjuvant in an amount 
of 15 /^g/dose of urease. 
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Challenge 

Two weeks after the second booster, the mice were subjected to a gastric 
gavage with 300 ^l\ of a suspension of a strain of K pylori adapted to the mice, the 
strain ORV2002 (1 x 10^ live bacteria in 200 //l of PBS; OD550 of about 0.5). One 
group which received no dose of antigen and which serves as control is challenged 
likewise. 

Analysis of the challenge 

Four weeks after the challenge, the mice were sacrificed by breaking the 
cervical vertebrae. The stomachs were removed in order to evaluate the urease 
activity and to make histological analyses. The urease activity was evaluated after 4 
and 24 hours (OD at 550 nm) with the Jatrox test, Procter & Gamble) and after 24 
hours the number of mice still negative was noted. 

Measurement of the local antibody response by ELISPOT (salivary glands and 
stomach) 

The ELISPOTs were performed in accordance with Mega et aL, J. Immunol. 
(1992) 148: 2030. The plates were coated with an extract of K pylori proteins at a 
concentration of 50 jug/ml. 

To test the antibody response at the level of the stomach, we modified the 
method as follows: half of the stomach was cut into 1-mm^ pieces with an automatic 
apparatus for cutting human tissues (McIUwain Laboratories, Gilford, UK) and the 
digestion carried out with Dispase (2 mg/ml, Boehringer Mannheim) in 2 ml of a 
modified Joldil solution to which 10% horse serum (Gibco), glutamine and antibiotics 
were added. Four half-hour digestions were performed at 37°C with gentle mixing. 
The cells thxis digested were filtered after each step using 70 pan filters (Falcon), and 
then washed 3 times in a solution of RPMI 1640 (Gibco) supplemented with 5% fetal 
calf serum (FCS), and incubated in the same solution for at least 4 hours in plates 



wo 98/48835 



PCTAJS98/08890 



-27- 

covered with nitrocellulose (Millipore) (100 /zl/well, 4 wells). Between 1 and 3 x IQ^ 
cells are obtained per half stomach (the cells of large size and the macrophages were 
not coimted). 

The biotinylated IgA and the streptavidin-biotinylated peroxidase complex 
5 were obtained from Amersham. The spots were revealed under the action of the AEC 
substrate (Sigma) and as soon as the plates are dry, they were counted under a 
microscope (magnification xl6 or x40). The mean values corresponding to the 
number of IgA spots in four wells were calculated and expressed as the number of 
spots/10^ cells. 

10 

Analysis of the response by ELISA 

The analyses by ELISA were performed in accordance with the standard 
procedure (the biotinylated conjugates and the streptavidin-peroxidase were obtained 
firom Amersham and the OPD (0-phenyl-diamine dihydrochloride) substrate firom 
15 Sigma). The plates were coated with K pylori extracts (5 Mg/ml) in carbonate buffer. 
A control serum firom mice directed against the K pylori extract was introduced in 
each experiment. The titre corresponds to the reciprocal of the dilution giving an OD 
of 1.5 at 490 nm. 

20 IB - Results 

The results are presented in Figures 1 to 4 described above and by the following 
comments: 

Figure 1 shows that when the subcutaneous route is used, much better results 
are obtained in terms of the local response both in the salivary glands and in the 
25 stomach if the administration took place in the posterior part of the mice, that is to say 
in the sublumbar region. 

Before any comment on the subject of Figures 2 to 4, it should be noted that 
these figures present the results obtained with the antigen used in the form with 
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cholera toxin adjuvant and administered by the intragastric route. This experiment is 
termed standard reference experiment since the prior art CT/IG combination is that 
which gives the best results up until now. 

Figure 2 compares the results obtained with a preparation of inactivated 
bacteria without adjuvant, by the intragastric route and subcutaneous route. It is clear 
that much better results are obtained when the subcutaneous route is used while 
targeting the sublumbar region. Furthermore, the results obtained after administration 
by the subcutaneous route are identical to, if not slightly better than, those which are 
obtained in the standard reference experiment with the same preparation, this time 
with the cholera toxin adjuvant and administered by the intragastric route. 

Furthermore, reference can be made to experiments (a) to (e) the results of 
which in terms of urease activity 4 hours after the mice have been sacrificed are 
reported in Figure 2 and it is indicated that the number of mice which are still negative 
for the urease activity 24 hours after having been sacrificed is respectively (a) 0/8, (b) 
4/8, (c) 4/8, (d) 0/8, and (e) 10/10. This is in agreement with what was previously 
concluded in the paragraph; namely that experiment (b) leads to results similar to 
those obtained during the standard reference experiment. 

Figure 3 shows that a urease preparation encapsulated into DC-chol liposomes 
and administered by the subcutaneous route in the sublumbar region gives results as 
good as those obtained in the standard reference experiment. 

Furthermore, reference can be made to experiments (a) to (d) whose results in 
terms of urease activity 4 hours after the mice have been sacrificed are reported in 
Figure 3 and it is indicated that the number of mice which are still negative for the 
urease activity 24 hours after having been sacrificed is respectively (a) 5/10, (b) 4/10, 
(c) 0/10, and (d) 10/10. This is in agreement with what was concluded in the 
preceding paragraph; namely that experiment (a) leads to results similar to those 
obtained during the standard reference experiment. 

Figure 4 shows that a urease preparation with QS-21 adjuvant and administered 
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by the subcutaneous route in the sublumbar region gives results as good as those 
obtained in the standard reference experiment. 

F\irthermore, reference can be made to experiments (a) to (d) whose results in 
terms of urease activity 4 hours after the mice have been sacrificed are reported in 
Figure 4 and it is indicated that the nxunber of mice which are still negative for the 
urease activity 24 hours after having been sacrificed is respectively (a) 1/8, (b) 5/8, (c) 
0/8, and (d) 10/10. This is in agreement with what was concluded in the preceding 
paragraph; namely that experiment (b) leads to results similar to tiiose obtained during 
the standard reference experiment. 

The table below presents the quantities of IgA, IgGl, and IgG2a induced during 
experiments whose results in terms of urease activity are reported in Figures 2 to 4 as 
well as the number of mice whose urease activity is characterized by an OD of less 
than 0.1 after 4 and 24 hours after sacrifice. The quantities of IgA, IgGl, and IgG2a 
are expressed as ELIS A titre. 
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0/8 


5/8 


6/8 


5/10 


6/8 


4 hours 














OD<0.1 


4/10 


0/8 


4/8 


4/8 


5/10 


5/8 


24 hours 















Example 2: Immunization studies in monlceys 
2A - Materials and methods 

Monkeys 

Twenty eight 2-year old monkeys (Macaca fascicularis) obtained from 
Mauritius were used in this study. Before subjecting the monkeys to the various 
immunization procedures described below, a biopsy showed that most of them were 
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chronically infected with organisms similar to Gastrospirillum hominis (GHLO) or if. 
heilmanii. 

Administration procedures 

Since nearly all the monkeys were infected with GHLOs, it was decided to test 
the eflScacy of the various procedures in therapy. Three procedures were used, as 
summarized in the table below: 



Group 


DO 


D21 


D42 


D63 


1 and lu 


IN+IG 


IN + IG 


IN + IG 


IN + IG 


2and2u 


IM 


IM 


IM 


IM 


3 and3u 


IM 


IN + IG 


IM 


IN + IG 



It is specified that the administration by the intramuscular route was carried out 
in the dorsolumbar muscles. 

Antigens and adjuvants 

Since there is a cross-reactivity between the GPLOs and H. pylori^ it was 
chosen to use a preparation of inactivated H. pylori bacteria, as described in Example 
1 A, alone or in combination with recombinant urease prepared according to the 
method referenced in Example 1 A. 

The E. coli heat-labile toxin (LT) (Sigma) or the B subunit of the cholera toxin 
(CTB) (Pasteur Merieux serums & vaccins) was used as mucosal adjuvant whereas 
DC-chol was used as parenteral adjuvant. DC-chol powder is simply rehydrated with 
an antigen preparation. 
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The doses used are as follows: 



Route 


Microorganisms 


Urease 


DC-chol 


LT 


CTB 


IG 


400 /ig 


2.5 mg 




25 t^g 




IN 


400 Aig 


400 ^ug 




25 ng 


25 Mg 


IM 


400 f^g 


100 Aig 


400 Aig 







Biopsies, urease test, and bacteriological/histological study 

A biopsy was perfonned on each of the monkeys befoie and after immunization 
(one month after the third booster). Using the biopsies, a urease test and a histological 
study were performed* 

The urease activity is evaluated using the Jatrox kit (Procter & Gamble). The 
level of this activity is estimated as follows, in a decreasing maimer: level 3, pink 
color appearing during the first 10 minutes; level 2, pink color appearing between 10 
and 30 minutes after the addition of the reagents; level 1, pink color appearing 
between 30 minutes and 4 hours and level 0, weak or no color after 4 hours. 

The histological studies were performed using biopsies fixed in formalin and 
the bacterial load was quantified as follows: absence of bacteria (0); a few bacteria of 
the Helicobacter type (0.5); fairly numerous bacteria (1); numerous bacteria (2); 
highly numerous bacteria (3). A difference of one level (for example from 1 to 2) 
corresponds to a number of bacteria 5 times greater. 

Analysis of the response by the ELISA test 

An ELISA test is carried out as described in Example 1 A. 

2B - Results 

The table below relates to the bacterial load which, before and after 
immunization, is assessed using two tests: (i) by evaluating the urease activity and (ii) 
by carrying out a histological study. The results relating thereto are presented in 
colxmms 3 to 6. The last three columns indicate for each group (control, 1, 2, or 3) the 
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number of monkeys for which the bacterial load remains unchanged after 
inmnmization (*>) according to the two tests; or appears lower (y) or increased (^) in 
at least one of the two tests, the other test indicating a stationary bacterial load. When 
the results of the two tests show a similar variation, the upwards or downwards arrow 
5 is double. 
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3 
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2 
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2 
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1-1 








J 367 
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Thus, this table reveals that in the group having been subjected to an 
immunization procedure by the strict mucosal route, the results are substantially 
identical to those obtained with the negative control group. On the other hand, in the 
groups having been subjected to an immunization procedure by the mixed mucosal 
and intramuscular route or by the strict mtramuscular route, a marked reduction in the 
bacterial load is observed. This highlights the importance of the immunization 
conditions and in particular of the immunization rate; consequently, the use of an 
immunization procedure which employs the parenteral route targeted in the 
subdiaphragmatic region, is reconmiended in order to obtain a protective effect. 

These results are to be placed in perspective with other results relating to the 
serum antibody levels which are presented in Figure 3. This figure shows that the 
immunization scheme by the strict mucosal route (1 and lu) leads to results which are 
very similar to those of the negative control group. On the other hand, the 
inmiunization scheme by the mixed mucosal and intramuscular route (2 and 2u), and 
better still the immunization scheme by the strict intramuscular route (3 and 3u), 
makes it possible to induce antibody levels substantially greater than those of the 
control group. 

Thus, a high serum response may be correlated with a protective effect, 
whereas a contrario^ a low response is linked to the absence of a protective effect. 
The immunization conditions which make it possible to obtain the desired effect (high 
serum response and protective effect) include the use of the parenteral route targeted 
in the subdiaphragmatic region or that of a Thl adjuvant. 

Example 3: Treatment of an H. pylori infection in mice 

We compared the efficacy of immunization via the subcutaneous (SC) route 
with that of the mucosal route, in order to treat an K pylori infection in a mouse 
model. 

OFl mice were infected with 10^ colony-forming units (cfu) of the H. pylori 
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strain ORV2001 . After one month, verification that the infection was well-established 
was made by randomly sacrificing 10/100 mice and testing the wease activity on a 
quarter of the entire stomach. Since all of the results were positive, the mice were 
then immxmized (10 per group) 3 times at 3 weekly intervals, either subcutaneously 
using 10 /zg of recombinant urease supplemented with 15 fxg of QS-21 (Aquila) or 400 
Aig of adjuvant Bay R1005 (Bayer), or orally using 40 /ig of urease mixed with 1 /zg of 
LT, For each of the two adjuvants administered parenterally, the immunization was 
carried out either in the neck, in order to reach the lymphatic ganglions of the upper 
region of the body, or in the lumbar region, in order to reach the abdominal lymphatic 
ganglions. Ten mice were left uninfected and unimmunized (negative control), 
whereas the mice of the positive control received a saline solution, QS-21, or Bay 
adjuvant subcutaneously (lumbar region). 

One month after the third immunization, all of the mice were sacrificed and the 
stomachs removed to evaluate flie extent of the colonization by measuring the urease 
activity (10/10 mice were analyzed in each group), as well as by carrying out 
quantitative culturing (5/10 were analyzed). Figures 6A (test relating to urease) and 
6B (culturing) show that in the mice immunized with urease supplemented with QS- 
21, subcutaneously in the lumbar region, the infection had virtually disappeared (4/5 
mice were negative in quantitative culturing). The mice immunized with lu-ease 
subcutaneously in the neck, in the presence of QS-21, and the mice that received 
urease plus LT orally exhibited a 10- to 100-fold decrease in the infection when 
compared with the unimmunized mice. The Bay adjuvant induced an identical 
decrease, which was more pronounced in the mice immunized in the lumbar region. 

Histopathology carried out on these same mice did not reveal any gastritis that 
was more extensive than in the controls. 

As we observed in our previous prophylactic study (Example 1), the protected 
mice had a high level of the two isotypes IgGl and IgG2 in the serum, which is 
representative of a Th2/Thl equilibrated response. Fxulhermore, the mice inunimized 
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subcutaneously in the lumbar region had the highest levels of IgA in the serum, which 
demonstrates a mucosal response. 

These results show that targeted, systemic immunization is capable of curing an 
acquired K pylori infection in mice, and that the use of adjuvants that induce an 
equilibrated mucosal response of Thl/Th2 type is desirable in order to achieve this 
aim. 

Example 4: Mucosal prime/parenteral boost strategy for urease immunization 
that elicits protection in mice against infection with H. pylori 

Swiss Webster mice were immunized with a mucosal prime/parenteral boost 
strategy. A single oral dose of 25 )Ug recombinant K pylori urease (urease) and 5 //g 
Escherichia coli heat labile enterotoxin (LT) was administered as a prime. Three 
weeks later, mice were boosted by the parenteral route with 2 doses, 3 weeks apart, 
with 100 //g urease + 100 ^^g alum. Mice immunized by this prime/boost strategy 
exhibited a 2,000-fold reduction in the median H, pylori colony forming units (CFUs) 
compared to unimmunized controls (Figure 7). Immunization by this strategy was 
more efficacious than 3 doses of mucosal vaccine when a 1,000-fold reduction in 
colonization was achieved. A single priming dose of orally administered urease + LT 
only produced a 10-fold reduction in median K pylori CFUs, boosting with urease 
administered parenterally without an adjuvant resulted in only a 2-fold reduction in 
medium CFUs (Figure 7). 

This immunization strategy was used to inununize rhesus monkeys against 
challenge with H, pylori. 

Example 5: Protection of rhesus monkeys from H. pylori infection by urease 
immunization using a mucosal prime/parenteral boost strategy 

Rhesus monkeys, seronegative for K pylori, were treated with quadruple 
therapy and confirmed to be firee of H, pylori infection by culture and histologic 
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examination of gastric biopsies. Nineteen monkeys were randomized into 4 groups: 4 
monkeys were sham vaccinated, 5 received recombinant H. pylori urease (urease) 
vaccine given by the intramuscular route with alum (aluminum hydroxide, 
Rehydragel) as an adjuvant, 5 received a mucosal priming dose of urease vaccine 
given by the oral route with Escherichia coli heat labile enterotoxin (LT) as an 
adjuvant, followed by two parenteral boosts of urease vaccine given by the 
intramuscular route with alum, and 5 monkeys received urease vaccine given by the 
intramuscular route with Bay adjuvant. Monkeys were immunized every three weeks 
for the first three immunizations, and a fourth dose was administered at 20 weeks. 

One week after the last immxmization, the monkeys were challenged with H, 
pylori. The monkeys were sacrificed 10 weeks after challenge. At necropsy, 10 
gastric sites (1 cardiac, 2 corporal, 3 coiporal-antral junction, 3 antral, and 1 pyloric) 
were sampled for bacterial culture by taking 5 mm diameter punch biopsies. 
Additional tissues fix)m the 5 regions of the stomach were harvested for 
histopathology. 

Although all of the monkeys were infected with K pylori as a result of the 
experimental challenge, monkeys immunized with urease + LT as a mucosal prime 
followed by 3 parenteral booster doses of urease + alum showed statistically 
significant reduction (p=0.05, Wilcoxon rank sums test) in colonization when 
compared to the control, sham immunized monkeys (Figure 8). A greater than 20-fold 
reduction in median bacterial colony forming units per bunch biopsy (5,8 x 10^ CFU, 
ranging firom 1 x 10^ to 6.7 x 10^ CFU) was found in monkeys that received the 
vaccine as a mucosal prime/parenteral boost regunen, compared to a median CFU of 
1.3 X 10^ (range 1.5 x 10^ to 1.8 x 10^ CFU) for the group of sham immunized 
monkeys. 

The group of monkeys receiving urease vaccine in a mucosal prime/parenteral 
boost regimen had similar gastritis (Figure 9) and epithelial changes (Figure 10) after 
challenge with K pylori. There was no evidence that vaccination enhanced either 
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gastritis or epithelial alterations. 

In contrast to the monkeys receiving the mucosal prime/parenteral boost 
regimen, monkeys immunized by the parenteral route with urease + Bay showed no 
difference in K pylori colonization compared with the sham-immunized controls (p = 
5 1 .00), while monkeys treated with urease + alum showed a partial effect (p=0.33) 
(Figure 8). Culture data was unavailable for one of the monkeys in the group 
receiving urease + Bay, due to heavy contamination of gastric samples with other 
bacteria. 

These results show that an immunization scheme utilizing a mucosal prime of 
10 urease + LT followed by parenteral boosting with urease + alum is eflBcacious in 

preventing K pylori infection in non-human primates. This scheme was chosen with 
the rationale that the immune system must be primed to respond to a mucosal 
infection, z.e., by mucosal immxmization with an appropriate adjuvant. However, once 
the immune response is *set' properly, a more conventional adjuvant, such as alvun, 
15 can be \ised as a parenteral immunization to boost the response. This kind of scheme 
is not only more effective than a mucosal only regimen, but it utilizes less antigen 
because tiie parenteral antigen dose (100 /ig urease) can be much less than a mucosal 
dose (4 mg). 

Other embodiments are within the following claims. 
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Claims 

1 . Use of an immunogenic agent derived from Helicobacter^ in the 
manufacture of a pharmaceutical composition intended for the induction of a T helper 
1 (Thl) type immune response against Helicobacter^ to prevent or treat a Helicobacter 
infection in a mammal. 

2. Use according to Claim 1, in which the Thl -type immune response is 
characterized either (i) by a ratio of the ELISA IgG2a:IgGl titers in mice greater than 
or equal to 1:100, or (ii) by a ratio of the ELISA IgG2a:IgA titers in mice greater than 
or equal to 1:100. 

3. Use according to Claim 2, in which the Thl -type immune response is 
characterized either (i) by a ratio of the ELISA IgG2a:IgGl titers in mice greater than 
or equal to 1 : 10, or (ii) by a ratio of the ELISA IgG2a:IgA titers in mice greater than 
or equal to 1:10, 

4. Use according to Claim 3, in which the Thl-type immune response is 
characterized either (i) by a ratio of the ELISA IgG2a:IgGl titers in mice greater than 
or equal to 1:2, or (ii) by a ratio of the ELISA IgG2a:IgA titers in mice greater than or 
equal to 1:2. 

5. Use of an immunogenic agent derived from Helicobacter^ in the 
manufacture of a pharmaceutical composition intended to be administered by the 
systemic route, in the part of a mammal, especially the primate, situated under its 
diaphragm, to treat or prevent a Helicobacter infection. 

6. Use according to Claim 5, in which the composition is capable of inducing a 
Thl-type immxme response when it is administered by the subdiaphragmatic systemic 



wo 98/48835 



PCTAJS98/08890 



-39- 

route. 

7. Use according to Claim 5 or 6, in which the Thl-type immxme response is 
characterized either (i) by a ratio of the ELISA IgG2a: IgGl titers greater than or 
equal to 1 : 100, or (ii) by a ratio of the ELISA IgG2a:IgA titers greater than or equal to 
1 : 100. 

8. Use according to Claim 7, in which the Thl-type immune response is 
characterized either (i) by a ratio of the ELISA IgG2a:IgGl titers in mice greater than 
or equal to 1 :10, or (ii) by a ratio of the ELISA IgG2a:IgA titers in mice greater than 
or equal to 1:10. 

9. Use according to Claim 8, in which the Thl-type immune response is 
characterized either (i) by a ratio of the ELISA IgG2a:IgGl titers in mice greater than 
or equal to 1 :2, or (ii) by a ratio of the ELISA IgG2a:IgA titers in mice greater than or 
equal to 1:2. 

10. Use according to one of Claims 1 to 9, in which the immunogenic agent 
derived from Helicobacter is selected from a preparation of inactivated Helicobacter 
bacteria, a Helicobacter cell lysate, a peptide, a polypeptide from Helicobacter in 
purified form, a DNA molecule comprising a sequence encoding a peptide or a 
polypeptide from Helicobacter placed under the control of the elements necessary for 
its expression and a vaccinal vector comprising a sequence encoding a peptide or a 
polypeptide from Helicobacter placed xmder the control of the elements necessary for 
its expression. 

1 1 . Use according to Claim 10, in which the inmiunogenic agent derived from 
Helicobacter is the UreB or UreA subunit of the Helicobacter urease. 
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12. Use according to Claim 10, in which the immunogenic agent derived from 
Helicobacter is a DNA molecule or a vaccinal vector comprising a sequence encoding 
the UreB or UreA subxmit of the Helicobacter urease. 

13. Use according to Claim 10, 1 1, or 12, in which the immunogenic agent is 
derived from Helicobacter pylori, 

14. Use according to one of Claims 5 to 13, in which the pharmaceutical 
composition is intended to be administered by the strict systemic route. 

15. Use according to one of Claims 5 to 14, in which the pharmaceutical 
composition is intended to be administered by a systemic route selected from the 
subcutaneous route, the intramuscular route, and the intradermal route, 

16. Use according to one of Claims 5 to 14, in which the pharmaceutical 
composition is intended to be administered by a mucosal route followed by a 
parenteral route. 

17. Use according to Claim 16, in which the pharmaceutical composition is 
intended to be administered by a parenteral route, followed by a mucosal route, 
followed by a parenteral route, followed by a mucosal route. 

18. Use according to one of Claims 5 to 17, in which the pharmaceutical 
composition is intended to be administered in the dorsolumbar region of the said 
mammal. 



19. Use according to one of Claims 5 to 18, in which the pharmaceutical 
composition is intended to be administered twice or three times by the systemic route 
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during the same treatment, in order to prevent or treat a Helicobacter infection. 



20. Use according to one of Claims 5 to 18, in which the immunogenic agent is 
selected from a preparation of inactivated Helicobacter bacteria, a Helicobacter cell 
lysate, a peptide, a polypeptide from Helicobacter in purified form and is, in addition, 
combined with at least one compound capable of promoting the induction of a Thl - 
type immune response. 

21 . Use according to Claim 20, in which the compound capable of promoting 
the induction of a Thl -type immune response is selected from liposomes, 
microspheres, QS-21, DC-chol, and Bay R1005. 

22. Use according to Claim 20, in which the compound capable of promoting 
the induction of a Thl -type immune response is selected from QS-21, DC-chol, and 
Bay Rl 005. 

23. Use according to Claim 22, in which the immunogenic agent is combined 
with at least two compounds capable of promoting the induction of a Thl -type 
immune response; the first compoimd being selected from liposomes, microspheres 
and the second compound being selected from QS-21, DC-chol, and their equivalents. 

24. Use according to Claim 20, in which the immunogenic agent is a peptide or 
a polypeptide which is combined, by covalent bonding, with at least one lipid capable 
of promoting the induction of a Thl-type immune response, so as to form a 
lipopeptide or lipid-containing polypeptide conjugate. 

25. A method of preventing or treating Helicobacter infection in a mammal, 
said method comprising in order the steps of: 
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mucosally adininistering an inununogenic agent derived from Helicobacter to 
said mammal; and then 

parenterally administering said immunogenic agent derived from Helicobacter 
to said mammal. 

26. The method of claim 25, in which more than one mucosal administration is 
carried out. 

27. The method of claim 25, in which more than one parenteral administration 
is carried out. 

28. The method of Claim 25, in which the mucosal administration is carried 
out to prime an immune response to said immunogenic agent derived from 
Helicobacter^ and the parenteral administration is carried out to boost an immune 
response to said immunogenic agent derived from Helicobacter, 

29. The method of Claim 25 or 28, in which the mucosal administration is oral 
administration. 

30. The method of Claim 25 or 28, in which the parenteral administration is 
intramuscular administration or subcutaneoxis administration. 

31. The method of Claim 25, in which the immunogenic agent derived from 
Helicobacter is selected from a preparation of inactivated Helicobacter bacteria, a 
Helicobacter cell lysate, a peptide, a polypeptide from Helicobacter in purified form, 
a DNA molecule comprising a sequence encoding a peptide or a polypeptide from 
Helicobacter placed under the control of the elements necessary for its expression and 
a vaccinal vector comprising a sequence encoding a peptide or a polypeptide from 
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Helicobacter placed under the control of the elements necessary for its expression. 



32. The method of Claim 3 1 , in which the inmiunogenic agent derived from 
Helicobacter is the UreB or UreA subunit of the Helicobacter urease. 

33. The method of Claim 3 1 , in which the immunogenic agent derived fiom 
Helicobacter is a DNA molecule or a vaccinal vector comprising a sequence encoding 
the UreB or UreA subunit of the Helicobacter urease. 

34. The method of Claim 31, 32, or 33, in which the immimogenic agent is 
derived from Helicobacter pylori, 

35. The method of Claim 25, in which a mucosal adjuvant selected from the 
group consisting of Escherichia coli heat labile enterotoxin (LT), cholera toxin (CT), 
Clostridium difficile toxin. Pertussis toxin (PT), and combinations, subunits, toxoids, 
and mutants derived therefrom, is co-administered with the mucosally administered 
immunogenic agent. 

36. The method of Claim 25, in which a parenteral adjuvant selected from the 
group consisting of alum, QS-21, DC-chol, and Bay is co-administered with the 
parenterally administered immimogenic agent. 
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A.BSTRACT Mutants of Salmonella typhimurium lacking 
DNA adenine methylase are attenuated for virulence in 
BALB/c mice. LD50 values of a DNA adenine methylation 
(Dam)~ mutant are at least to 10'*-fold higher than those 
of the parental strain when administrated by oral or intra- 
peritoneal routes. Dam~ mutants are unable to proliferate in 
target organs but persist in low numbers in these locations. 
Efficient protection to challenge with the virulent parental 
strain is observed in mice infected with a Dam" mutant. Use 
of the ileal loop assay shows that Dam" mutants are less 
cytotoxic to M cells and fail to invade enterocytes. In the tissue 
culture model, lack of DNA adenine methylation causes re- 
duced ability to invade nonpbagocytic cells. In contrast, no 
effect is observed either in intracellular proliferation within 
nonpbagocytic cells or in survival within macrophages. The 
invasion defect of Dam~ mutants is correlated with a distinct 
pattern of secreted proteins, which is observed in both PhoP'*' 
and PhoP" backgrounds. Altogether, our observations suggest 
a multifactorial role of Dam methylation in Salmonella viru- 
lence. 



In the bacterial cell, DNA adenine methylation (Dam) mod- 
ulates a variety of processes such as DNA replication, chro- 
mosome segregation, mismatch repair, and transcription of 
certain genes (1-3). Given these multiple roles, it is not 
surprising that dam mutations are highly pleiotropic: however, 
lack of Dam methylation does not impair viability (1, 3, 4), The 
existence of genes whose transcription is regulated by Dam 
methylation has been known for two decades in Escherichia 
coli and its phages (1-3), and novel cases have recently been 
described in Salmonella typhimurium (4-6). Genes regulated 
by Dam methylation usually contain GATC sites either in their 
promoter or in upstream regulatory sequences. The melhyi- 
ation state of these GATC sites controls the interaction 
between RNA polymerase or regulatory proteins and theij 
cognate DNA-binding sites (1, 7). A paradigmatic case of 
transcriptional regulation by Dam methylation is the E, coli pap 
operon, which directs the synthesis of pili required for adhesion 
to uroepithelial cells. In uropathogenic E. coli. expression of 
pap is subjected to phase variation (8, 9). The ON and OFF 
stages are dictated by binding of the regulatory protein Lrp and 
accessory proteins to two GATC sites upstream of the tran- 
scription initiation site (8, 10). Recent work has shown that 
expression of other £. coli operons encoding virulence -related 
fimbriae, such as 5/h, daa^ and fae, are also regulated by Lrp 
binding (11, 12). As in the pap operon, Lrp mediates tran- 
scriptional control over these fimbrial operons depending on 
the methylation status of critical GATC sites (11, 12). 
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Dam" mutants of Salmonella typhimurium were recently 
described (4). The same study showed that Dam methylation 
regulates the expression of a locus in the 5. typhimurium 
virulence plasmid (4). This finding and the fact that Dam 
methylation modulates the expression of virulence-related 
fimbriae in E. coli (10) led us to examine whether Dam 
methylation could play a role in S, typhimurium virulence. 
Tests in the BALB/c murine model were unambiguous: ab- 
sence of DNA adenine methylation produces severe attenua- 
tion of S. typhimurium virulence. A partial defect in the 
capacity of 5. typhimurium to invade nonphagocytic cells is also 
observed. Furthermore, Dam~ mutants are unable to invade 
cnterocytes and to cause cytotoxicity on M cells of ileal Peyer's 
patches. Our conclusion that DNA adenine methylation plays 
a major role in S, typhimurium virulence is supported by the 
recent finding that Dam" mutants of Salmonella show altered 
expression of a number of in v/Vo -induced genes (6). 

MATERIALS AND METHODS 

Bacterial Strains, PI as mi ds, Growth Media, and Growth 
Conditions. 5. typhimurium SL1344 was used as the standard 
virulent strain (13). Strains SV1610 (SL1344 dam'228'.'M\xdi), 
SV4036 imutLlU::Ti\IO), SV4056 (phoF7953::TnlO) and 
SV4089 {dam'228:'MudJ phoP7953:\Ti\10), all derived from 
SL1344, are described in this study. The allele mutLlI]::TnlO 
was ob tamed from G. C Walker, Massachusetts Instit\itc of 
Technology, Cambridge, MA. The allele phoP7953::TnW was 
provided by E, A. Groisman, Washington University, St. Louis, 
MO. Plasmid pTP166, obtained from M. G. Marinus, Univer- 
sity of Massachusetts, Worcester, MA, is a ColEl derivative 
harboring the wild-type dum gene of E. coli under the control 
of a tac promoter (14). Noninvasive S. typhimurium strains 
SB220 {SLmAsipC::aph) and SB302 (SLi344 invJwaph) were 
provided by J. E. Galan, Yale University, New Haven, CT (15, 
16). Strains were grown overnight in LB broth at 37'*C without 
shaking before administration to BALB/c mice, infection of 
tissue culture cells, or preparation of extracts containing 
secreted proteins (see below). Solid LB contained 1.5% Difco 
agar. Green plates were prepared as described elsewhere (4). 

Virulence and Vaccination Assays in BALB/c Mice. Bacte- 
ria were centrifuged at 10,000 X ^ for 15 min and washed twice 
in sterile PBS. Serial dilutions were used to infect oralN^ (25 pX) 
or intraperitoneally (200 /xl) groups of 8-wk-old female 
BALB/c mice. In oral challenge experiments, the acidic pH of 
the stomach was buffered by suspending bacteria in a 2.5% 
bi carbon ate- 0.2% lactose solution before administration. Sur- 
vival of infected mice was recorded for a minimum of 4 wk. 
LD50 was calculated by the method of Reed and Muench (17). 
In vaccination studies 4 wk after infection with the 5. typhi- 
murium Dam" mutant SV1610, mice were challenged orally 



Abbreviation: Dam, DNA adenine methylation. 
tTo whom reprint requests should be addressed. E-mail: genbac(^/ 
cica.es. 
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with different doses of the parental virulent strain SL1344. 
Mouse survival was recorded for 4 additional weeks. In organ 
colonization studies, lymph nodes, liver, and spleen were 
removed from two mice at each postinfection time and ho- 
mogenized in 10 ml of sterile PBS. Dilutions of these homog- 
enates w^ere plated on LB to count the nimibers of viable 
bacteria per organ. 

Ligated Loop Model and Electron Microscopy. Interaction 
of wild- type and Dam" bacteria with murine intestinal epi- 
thelium was examined as described by Jones et al. (18). Briefly, 
7-wk-oid BALB/c mice were starved for 24 h and anesthetized 
before surgery by i.p. injection of 2.0 mg of Nembutal. On 
practicing a small incision, the small bowel was exposed, and 
a loop was formed by ligating the intestine with silk thread at 
the iieocaecal junction and at a site 5 cm proximal to the 
caecum. Two hundred microliters of bacteria (ca. 4 X lO*"^ 
colony-forming units) were then injected through a 25-gauge 
needle. The bowel was returned to the abdomen and the 
incision stapled. Mice were kept alive for 3 h and then 
sacrificed. The bacteria-exposed intestinal loop was removed, 
and sections containing Peyer's patches were fixed in a solution 
of 2.5% glutaraldehyde/0.8% paraformaldehyde in 0.1 M 
phosphate biiffer. After 15 min, Peyer's patches were displayed 
in fresh fixing solution for an additional hour. Postfbfation was 
made with 0.1% osmium tetroxide for 1 h. After three washes 
with phosphate buffer, samples were dehydrated with ethanol 
and propylene oxide. Infiltration and embedding was achieved 
with Epon resin. Resin polymerization was allowed for 48 h at 
60''C. Ultra thin sections were contrasted with uranyj acetate 
and lead and examined in a JEOL1200EX electron micro- 
scope. 

Eiikaryotic Ceil Lines. HeLa epithelial cells (ATCC CCL2) 
and J774.A1 mouse macrophages were used as prototypes of 
nonphagocytic and phagocytic cells, respectively. Mouse res- 
ident peritoneal macrophages were harvested from BALB/c 
mice as described by Lximg and Finlay (19). Cells were grown 
in MEM containing 10% fetal bovine senun (HeLa epithelial 
cells) or in DM! EM containing 5% fetal bovine serum and 1 
mM glutamine (macrophages). 

Biicterial Infection of Eukaryotic Cells. Eukary{)tic cells 
were seeded the day before the infection in 24-well plates and 
grown at 37°C, 5% CO2 to obtain 80% confluency. Bacteria 
were added to reach a multiplicity of infection of 10:1 bacteria/ 
eukaryotic cell. Eukaryotic cells were infected for 15 min 
(HeLa epithelial cells), 20 min (resident peritoneal macro- 
phages), or 10 min (J774.A1 macrophages) to obtain an 
infection rate of 70-80% of the cells present. Infected cells 
were washed three times with PBS and incubated in fresh tissue 
culture medium containing 100 /i-g/ml gentamicin. Two hours 
postinfection, the concentration of gentamicin was lowered to 
10 iLtg/ml. Numbers of viable intracellular bacteria were ob- 
tained by lysing infected cells with 1% Triton X-100 and 
subsequent plating (20). Invasion rates of nonphagocytic cells 
were determined as the ratio of viable intracellular bacteria at 
a short postinfection time (2 h) vs. viable bacteria added to 
infect the eukaryotic cells. 

Extracts of Secreted Bacterial Proteins. Extracts of secreted 
proteins were prepared by the method of Kaniga et al. (15). 
Proteins were analyzed by SDS/PAGE in Tris/Tricine buffer 
by using 8% acrylamide geis (21). 

RESULTS 

S. typhirnurium Dam~ Mutants Are Attenuated for Viru- 
lence in the BALB/c Mouse Model. To examine whether Dam 
methylation is required for virulence in the murine typhoid 
model, BALB/c mice were infected with various doses of a 
Dam" strain of S. typhirnurium (SVI610) by oral and i.p. 
routes. In parallel, infections were performed with the virulent 
strain SL1344 (13). Table 1 shows that LD50 values obtained 



Table 1. Vinilence properties of a 5. typhirnurium Dam mutant 
in BALB/c mice 



Bacterial strain 



LD50 (oral)" 



LD50 (i.p.) 



SL1344 (wild type) 
SV1610 (Dam-) 
SV1610/pTP166 
SV4036 (MutL") 



6 X 10^ 
>8.8 X 108 
2.75 X 105 
2.4 X 10^ 



<10 
6.5 X 10^ 
<35 
<17 



*Oral inoculation was done by suspending bacteria in bicarbonate 
buffer before administration to mice. 

for the Dam" mutant were over 8.8 X 10** bacteria (oral) and 
6.5 X lO'* bacteria (i.p.). No orally challenged mice died or 
showed any symptom of disease during the course of the 
experiment (4 wk). The LD50 values obtained (Table 1) were 
at least 10^- to lOMold higher than those of the parental strain 
SL1344, in agreement with a recent study (6). To confirm that 
the attenuation of virulence observed in the Dam" mutant was 
exclusively caused by lack of Dam methylation, we constructed 
a SV1610 derivative carrying plasmid pTP166, which contains 
the wild-type dam gene from E. coli (14). The complemented 
strain was fully virulent (Table 1). Complementation failed 
when the strain carried high-moleailar-weight midtimers of 
pTP166 (data not shown). The latter phenomenon was inter- 
preted as an artifact and was not further investigated. How- 
ever, the possibility that abnormally high levels of Dam 
methylase might also cause virulence defects, as suggested by 
Heithoff et al. (6), can be considered. Complementation of 
virulence in the in vivo model shows that there is no polar effect 
of the Mwdi element inserted in the dam gene on hypothetical 
virulence genes located downstream of dam. Altogether, these 
data show that S. typhirnurium requires Dam methylation to 
cause disease in the murine model. Such a requirement is 
unrelated to the mismatch repair deficiency of Dam strains, 
because a MutL" mutant (SV4036) proved to be virulent 
(Table 1). 

Colonization of Target Organs of Infected Mice by the S. 
typhirnurium Dam" Mutant. Because there was no sign of 
disease after oral and i.p. challenge with strain SV1610 
(Dam"), we reasoned that Dam methylation could be required 
for colonization of target organs. To test this possibility, mice 
were infected orally and intraperitoneally. Lymph nodes, liver, 
and spleen were harvested periodically from day 1 to 21 after 
infection, and viable bacteria were counted by plating. Low 
numbers of Dam" bacteria, approximately 10^-10^, were 
found in these organs 3 wk after infection (Fig. 1), In contrast, 
the parental (virulent) strain SL1344 increased by a factor of 
10^-10^ in number during the first week of infection (Fig. 1). 
On i.p. challenge, Dam" bacteria increased in number during 
the first week, dropping afterward to a steady value of 10^-10^. 
The complemented strain SV1610/pTP166 (dam'22S:: 
MxidJ/dam'^ ) was likewise able to grow within organs on oral 
administration (data not shown). Altogether, these data sug- 
gest that DNA adenine methylation is essential for 5. typhi- 
rnurium to proliferate within target organs on oral and i.p. 
administration. 

A 5. typhimurium Dam" Mutant Elicits Protection to Chal- 
lenge with the Virulent Strain. The fact that the Dam" mutant 
is able to persist, albeit in low numbers, in target organs for 3 
wk (Fig. 1) led us to examine whether this attenuated strain 
coidd elicit a specific immune response. Mice were infected 
orally or intraperitoneally with different doses of strain 
SV1610 (Dam") and challenged 4 wk after infection with high 
doses of the virulent strain SL1344. Table 2 shows that 
infection of BALB/c mice with the Dam" mutant rendered the 
animal capable of surviving to lethal doses of the virulent 
strain. Of a total of 42 mice infected with the Dam" mutant, 
38 survived the challenge with an amount of virulent bacteria 
up to 100-fold the LD50 (Table 2). Interestingly, as few as 89 
Dam" S. typMmurium cells administered by the i.p. route were 
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Fig. L Colonization of mouse organs by a 5. typhimurium Dam" mutant. Groups of 8-\vlc-old BALB/c mice were infected orally with 8.8 X 
10** colony-forming units (cfu) of the strain SV1610 (Dam") [black histograms] or 7.5 X 10^ cfu of strain SL1344 (wild type) [white histograms]. 
Another group of mice were infected intraperitoneally with 1.5 X 10^ cfu of SV16I0 (Dam") [grey histograms]. At the limes indicated, lymph nodes 
(A), liver (B), and spleen (C) were removed from two infected mice, and viable bacteria were determined by plating. At 8 days after infection, 
all the wild-type infected mice showed clear evidence of disease. 



capable of eliciting in the animal a specific immtine response 
against the virulent strain (Table 2). 

Behavior of the S. typhimurium Dam" Mutant in the Tissue 
Culture ModeL Dam" mutants of 5. typhimurium do not 
exhibit growth defects in standard media (4). In addition, the 
Dam" strain used in this study, S VI 610, shows a normal 
serum-resistance response (F.G-P., impublishedwork). There- 
fore, we reasoned that attenuation of the Dam" mutant might 
reflect an impaired interaction of bacteria with host cells. To 
tCvSt this hypothesis, we analyzed whether the Dam~ mutant 
showed defects in invasion, survival, or growth within nonph- 
agocytic and phagocytic cells. Table 3 shows that the Dam" 
mutant is partially impaired for invading nonphagocytic cells 
(30% of wild- type values in HeLa cells). The complemented 
strain showed wild-type invasion ability (Table 3). Well known 
invasion mutants such as SipC" and InvJ" yielded values less 
than 1% (Table 3). The Dam" mutant did not show any 
proliferation defect within HeLa cells (Table 3). To test 
whether Dam methylation was required for bacterial survival 
within macrophages, both the mouse macrophage cell line 
J774A.1 and mouse resident peritoneal macrophages were 
used. As previously reported, strain S LI 344 was able to 
proliferate within J774A.1 and to survive within peritoneal 

Table 2. Protection conferred by a S. typhimurium Dam" mutant 
to challenge with the virulent strain 





Dose of SVI610 


Challenge dose of 


No. dead mice/ 


Experiment 


(Dam--)* 


SL1344 (wt)t 


inoculated mice 


1 




2.8 X 10^ 


t/5 






2.8 X lO'* 


1/5 






2.8 X 10^ 


4/5 


2 


2.5 X iQf* 


1.2 X 10* 


1/4 




2.5 X 107 


1.2 X 10* 


1/4 




2.5 X 10« 


1.2 X 10** 


0/4 


3 


7 X 10^' 


9.7 X 10^ 


0/5 




7 X 107 


9.7 X lO'* 


1/5 




7 X10« 


9.7 X 10*^ 


0/5 




89 (i.p.) 


9.7 X 10^ 


0/5 




890 (i.p.) 


9.7 X 10« 


0/5 




«.9()0 (i.p.) 


9.7 X 10^ 


1/5 



'Inoculations were done by the oral route, except when indicated i.p. 
After 4 wk, all Dam" infected mice survived the doses of bacteria 
indicated. 

tAll inoculations were done by the oral route. In experiments 2 and 3, 
challenges with the wild- type strain were done 4 wk after the 
inoculation with the Dam" mutant. Mouse survival wa.<i recorded for 
4 iidditional weeks. 



macrophages (ref. 22; see also Table 3). Neither the Dam" nor 
the Dam "/Dam"* (complemented) strain showed any notice- 
able defect in the interaction with macrophages (Table 3). 
These data suggest that DNA adenine methylation is not 
essential for bacteria to proliferate within nonphagocytic cells 
or to survive within macrophages. In contrast, Dam methyl- 
ation .seems to be required to trigger an efficient bacterial 
uptake by nonphagocyric cells. 

Phenotype of a Dam" Mutant in the Murine Intestinal 
Epithelium. Because Dam" mutants showed a parrial defect in 
invasion of cultured epithelial ceils, we addressed the murine 
ligated loop assay to monitor two crirical events linked to 
Salmonella penetration of the intesrinal epithelimn: cytotox- 
icity on M cells of Peyer^s patches and invasion of enterocytes. 
Elicitarion of both processes has been shown to be related to 
the invasion capacity observed in the in vitro models (23-25). 
Disruption of M cell integrity was observed on 3 h of infecrion 
with the wild type (Fig. 2 a and b). In contrast, very few Dam" 
(SV1610) bacteria were seen interacting with M cells and, in 
the rare cases observed, the presence of bacteria did not trigger 
M cell c>'to toxicity (Fig. 2c). Moreover, unlike the wild type. 
Dam" cells were not seen either causing massive destruction 
of the intestinal epitheliimi or moving to deep locations close 
to the lamina propria (Fig. 2d). Another distinct phenotype of 
the Dam" mutant was its impaired capacity to invade entero- 
cytes (Fig. 2 e and/). Altogether, these data suggest that Dam 
methylation modulates the interaction of Salmonella with 
different cell types in Peyer*s patches. 

Secretion of Proteins in 5. typhimurium Dam" Mutants. The 
virulence trait affected in Dam" mutants, invasion of nonph- 
agocytic cells, has been shown to depend on a specialized type 
III secretion system (reviewed in refs. 26, 27). Type III- 
sc ere ted proteins have been identified in bacterial culture 
media super natants and shown essential for Salmonella inva- 
sion (26, 27). We thus analyzed the protein content of super- 
natants of the wild type, a Dam" mutant, and a Dam"*"- 
complemented strain. Extracts containing 5a//norte//fl -secreted 
proteins (ssp) were examined by Cbomassie staining. The 
protein profile obtained for the Dam" mutant was clearly 
different, and at least three proteins found in the Dam"" 
mutant were not detectable in the wild type (Fig. 3). Inter- 
esringly, the dam mutation causes a reduction in the secretion 
of SPI-1 encoded effector proteins, such as SipA, SipB, and 
SipC, whereas flagellin secretion is unaffected (Fig. 3). 
Complementation of the dam mutation fully restored the 
profile of ssp observed in the wild type (Fig. 3). 
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Table 3. Phenotype of a Dam" mutant in the tissue culture model 

Survival in macrophages* 



Sti-ain 


Invasion, %t 


Intracellular 
prolifei-ation* 


J 774. A 1 


Mouse 
peritoneal 


SL1344 (wi) 


100 


± 23.8 


25.3 ± 5.05 


6.85 ± 0.3 


0.41 ±0.13 


SV1610 (Dam-) 


28.4 


± 9.2 


16.1 ± 3.4 


7.7 ± 1.65 


0.22 ± 0.12 


SVi6lO/pTP166 


105.4 


± 33.9 


28.9 ± 0.3 


10 ± 0.53 


0.33 ± 0.05 


(Dam-/Dam+) 












SB220 (SipC-) 


0.43 


± 0.05 


ND 


ND 


ND 


SB302 (InvJ") 


0.65 


r 0.23 


ND 


ND 


ND 



♦Ratio of viable intracellular bacteria at 20 h vs. 0.5 h after infection. In both tj'pes of macrophages, cells 
were infected for 10 min. 

All values are averages of triplicate samples from at least two independent trials. ND, not determined, 
tpe rcentage of bacteria that invade HeTj* epithelial cells during 15 min and survived a gentamicin 

protection assay. Plating was done ar 2 h after infection. Values were normalized to invasion rate of 

wild-type bacteria (0.109 ± 0.02). 

♦ Ratio of viable intracellular bacteria at 24 h vs. 2 h after infection, obtained after incubating HcLa cells 
with bacteria for 15 min. 



Because an interconnection of regulons under Dam and 
PhoP control has been recently postulated (6), we examined 
the effect of dam and phoP mutations on secreted protein 
profiles. In agreement with previous observations (28), a 
PhoP" mutant showed a wild-type profile of ssp. In contrast, 
the ssp profile of a Dam" PhoP" double mutant was similar to 
that of a Dam" mutant (Fig. 3). Thus, the secretion defect of 
Dam" mutants is observed in both the presence and the 
absence of the PhoP product. The observation that the role of 
Dam methylacion in secretion is PhoP independent can be 
tentatively correlated with invasion assays in HeLa cells: a dam 
mutation caused a similar invasion reduction in both PhoP'^ 




Fig. 2. Interaction of S. typhimurium Dam" mutants with the 
murine intestinal epithelium. The ligated loop assay was used to 
examine the interaction of SL1344 (wild type) and SV1610 (Dam") 
with cell types present in Peyer's patches 3 h after infection. Shown are 
transmission electron micrographs of: (a) an uninfected M cell; (6) an 
M cell disrupted by the infection of the wild-type strain; (c) Dam" 
bacteria interacting with M cells; note the lack of cytotoxicity on the 
M cell; {d) massive destruction of the intestinal epithelium, which now 
appears with a clear gap (shown by arrows) as a result of infection by 
wild-type bacteria. This generalized destruction was never observed in 
loops infected with Dam" bacteria; (e) wild-type bacteria internalized 
by enterocytes; (/) Dam" bacteria that do not invade enterocytes. M, 
M cell; E, enterocyte; 1., lymphocyte; B, intracellular bacteria. Note 
the presence of bacteria in deep locations only in tissues infected with 
the wild-type strain (b and d). (a-d, X2,000; e and / X3,000.) 



and PhoP" backgrounds (data not shown). Furthennore, we 
investigated the involvement of Dam methylase on secretion of 
SPIl-encoded proteins essential for invasion, such as SipC and 
InvJ. Western analysis of ssp supernatant extracts by using 
specific anti-SipC and -InvJ antibodies indicated that secretion 
of both proteins is reduced by 50% in the Dam" mutant (data 
not shown). Globally, these assays suggest that Dam methyl- 
ation might modulate the SPI-1 encoded t>pe III secretion 
system. 

DISCUSSION 

In the miu*ine model, attenuation ofS. typhimurium virulence 
in the absence of Dam methylation is observed in both the oral 
and the intraperitoneal routes. In vivo studies have also shown 
that, on oral and i.p. administxation, the Dam" mutant is able 
to colonize target organs, but not to proliferate in these 
locations. The combination of attenuated virulence and organ 
colonization ability makes Dam" mutants excellent candidates 
for vaccination. In fact, the Dam" mutant used in this study 
was able to elicit an immune respcmse sufficient to prevent 
killing by the virulent strain at doses 100-fold the LD50. Similar 
observations have recently been reported by Heithoff et al, (6). 

Given the high pleiotropy of dam mutations (1, 4), the 
specific link(s) between Dam methylation and systemic disease 
cannot be established a priori. However, insights were obtained 
from the ileal ligated loop assay: the Dam" mutant does not 
cause cytotoxicity on M cells and is unable to invade entero- 
cytes. These observations explain the low numbers of bacteria 
recovered from target organs on oral challenge. The M cell has 
been shown to play a critical role in the intestinal immune 
response (29). Therefore, lack of cytotoxicity on M cells, 
together with their proper stimulation by infecting Dam" 
bacteria, can improve the host immune response and render 
the Dam" mxitant avirulent. In fact, it is known that nonin- 
vasive S. typhimurium mutants are avirulent because they do 
not destroy M cells (30). These results can also explain the 
optimal vaccine properties of Dam" mutants observed by us 
and by others (6). 

Further insights on the role of Dam methylation in Salmo- 
nella virulence were obtained from the tissue culture model: a 
Dam" mutant showed reduced capacity to invade HeLa cells. 
However, the invasion impairment of a Dam ~ mutant was only 
partial, compared with a SPIl secretion-deficient InvJ" mu- 
tant or a mutant lacking the effector invasion protein SipC. 
These differences may indicate that a dam mutation causes 
mild changes in the amount or the activity of these proteins, 
compared with the effect of knocking out the corresponding 
genes. 



11582 Microbiology: Garcfa-Del Portillo et al. 



Proc, Natl. Acad. ScL USA 96 (1999) 




Fig. 3. l^iick of Dam methylation alters protein secretion. An SDS 
gel with 8% tricine showing proteins present in culture supernatants 
from SU344 (wild type). SV1610 (Oam"), SV16lO/pTP166 (Dam"/ 
Dam^), SV4056 (PhoP" ), and SV4089 (Dam" PhoP") strains. Indi- 
cated are llagellin (filled arrow), Sip A, SipB, and SipC proteins (empty 
arrows), and three proteins present in supernatants of Dam" strains 
(arrowheads). 

Because secreted proteins are well known effectors in the 
interaction with eukaryotic ceils (26), we considered the 
possibility that absence of Dam methylation might cause 
changes in protein secretion mediated by the SPIl type III 
system. To test this hypothesis, protein profiles were analyzed 
in culture supernatants. A distinct pattern of protein secretion 
was observed in the Dam" mutant. The most relevant differ- 
ences were: (i) the presence of proteins absent from wild-type 
extracts and (/V) a reduction in the level of secreted SipA, SipB, 
and SipC. No defect was observed in flagellin secretion, 
implying that the effects observed are specific for secretion via 
the virulence-related type III apparatus. To our knowledge, 
this is the first description of a DNA modification mechanism 
that influences secretion of virulence determinants. The effect 
of Dam methylation on the SPIl secretion system could be 
exerted on structural or regulatory genes. Putative target 
SPM -encoded regulators include HilA, InvF (31, 32), and the 
recently described HilC and HilD (33). Alternatively, Dam 
methylation could be essential for the activity of other regu- 
lators acting on (but not encoded by) SPIl, such as Sir A (34, 
35) or PhoPQ (28). 

Although our protein analyses imply a connection between 
Dam methylation and the functionality of the SPIl type III 
secretion system, our virulence data clearly indicate that the 
Dam" mutant is also attenuated when administrated intra- 
peritoneal ly. Because SPIl -defective mutants are still virulent 
when tested by this route (30, 36, 37), other major virulence 
genes involved in Salmonella systemic disease might be con- 
trolled by Dam methylation. Putative candidates are compo- 
nents of the second type III system encoded in SPI2 (38, 39) 
or alternative sigma factors as RpoS (cr^) or RpoE (o^') (40, 
41). However, unlike mutants in these components or regula- 
tors, which show clear defects in intracellular proliferation (38, 
39) or intracellular survival within macrophages (38-41), our 



study shows that Dam" mutants are not deficient in these 
processes. Therefore, ftirther characterization of genes mod- 
ulated by Dam methylation is required to ascertain which gene 
products essential for systemic infection are affected in Dam" 
mutants. A recent report by Heithof f et al. (6) proposes that a 
large number of Dam-regulated virulence genes exist in S. 
typhimuriuniy thus supporting our view that the effects of DNA 
adenine methylase mutations on Salmonella virulence are 
pleiotropic. 
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An Essential Role for DNA Adenine Methylation in Bacterial Virulence 

Salmonella typhimurium lacking DNA adenine methylase (Dam) were fully proficient in colonization of 
mucosal sites but showed severe defects in colonization of deeper tissue sites. These Dam" mutants were 
totally avirulent and were effective as live vaccines against murine typhoid fever. Dam regulated the 
expression of at least 20 genes known to be induced during infection; a subset of these genes are among 
those activated by the PhoP global virulence regulator. PhoP, in turn, affected Dam methylation at specific 
genomic sites, as evidenced by alterations in DNA methylation patterns. Dam inhibitors are likely to have 

broad antimicrobial action, and Dam" derivatives of these pathogens may serve as live attenuated vaccines. 

Methylation at adenine residues by Dam controls the timing and targeting of important biological processes 
such as DNA replication, methyl-directed mismatch repair, and transposition (1). In addition. Dam regulates 
the expression of operons such as pyelonephritis-associated pili (pap), which are an important virulence 
determinant in upper urinary tract infections (2,3), The latter regulatory mechanism involves formation of 
heritable DNA methylation patterns, which control gene expression by modulating the binding of regulatory 
proteins. Although Dam regulates pili gene expression, its role in microbial pathogenesis has never been 
tested. 

To determine whether Dam plays a role in the pathogenesis of Salmonella typhimurium, we assessed the 
effect of an insertion in the dam gene (Mud-Cm). The oral lethal dose required to kill 50% of the animals 
(LD^q) of this Dam* mutant was more than 10,000 times the LD^q for the wild type, and the intraperitoneal 
LDgQ for the mutant was more than 1000 times that for the wild type (Table 1). Because the dam insertion 

could decrease the expression of downstream genes (polar effects), an in-frame, nonpolar dam deletion was 
constructed (4) and shown to have the same reduced virulence as the dam insertion. Thus, the attenuation 
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was specifically attributable to the lack of Dam. Moreover, intraperitoneal inoculation of mice with a mixture 

of equal numbers of Dam"*" and Dam" Salmonella showed that Dam' mutants were completely eliminated 
during growth in the mouse (competitive index assay). Similar results were obtained with a strain that 
overproduces Dam from a recombinant plasmid, which suggested that precise amounts of the Dam 
methylase are required for full virulence. These results show that the Dam methylase is essential for 
bacterial pathogenesis. 

Dam plays an essential role in methyl-directed mismatch repair (MDMR) because it allows discrimination 
between parental and daughter DNA strands (1.). Thus, in the absence of Dam, bacteria show an increased 
mutation rate. To test the hypothesis that the reduction in virulence of Dam' Salmonella was due to a high 
mutation rate, we measured the vimlence of mutS Salmonella, which lack MDMR and also have a high 
mutation rate. Table 1 shows that in both the oral LD^q and the competitive index virulence assays, mutS 

Salmonella were identical to the wild type, indicating that Dam does not affect pathogenesis via an increased 
mutation rate. Because more DNA exchange between species occurs in MutS" strains than in MutS* strains, 
tiiey more readily acquire new virulence determinants (1). The fact that MutS' strains are fully virulent could 
explain the high frequency at which mutS Escherichia coll and Salmonella mutants are found among clinical 
isolates (5). 

Dam controls the expression of Pap pili by modulating the binding of leucine-responsive regulatory protein 
(Lrp) to pap regulatory DNA sequences (3). Lrp is a global regulator of at least 35 genes in E. coli tiiat 
include operons involved in metabolism, transport, and adhesion (6). To determine whether Dam affects 
Salmonella virulence through an Lrp-mediated pathway, we analyzed Lrp' Salmonella (Table 1). Salmonella 
lacking Lrp were fully virulent, as assessed by the LD^q and competitive index assays. These data show that 

Lrp is not required for virulence in a mouse model of typhoid fever. 

The results discussed above show that adenine methylation is critical for Salmonella pathogenesis. DNA 
metiiylation of cytosine residues appears to be important for the regulation of biological processes in both 
plants and animals. Although Salmonella contain a DNA cytosine methylase (Dcm), the role of cytosine 
methylation in this organism is unclear. The dcm" mutant was virulent in the LD^q and competitive index 

assays (Table 1). These results demonstrate that methylation of adenine but not cytosine residues is 
required for Salmonella pathogenesis. 

DNA adenine methylation has been shown to directiy control virulence gene expression (7). Therefore, we 
determined whether Dam regulates Salmonella genes that are preferentially expressed in the mouse 
[designated as in vivo-induced (ivi) genes ( 8-11) ]. Dam significantly repressed the expression of more than 
20 ivi genes (by a factor of 2 to 18) when grown in rich medium (Fig. 1). Four of the eight fusions in Fig. 1 
are in known genes, all of which have been shown to be involved or have been implicated in virulence: spvB 
resides on the Salmonella virulence plasmid and functions to facilitate growth at systemic sites of infection 
(12); pmrB is involved in resistance to antibacterial peptides termed defensins (13); and mgtA and entF are 
involved in the ti'ansport of magnesium and iron, respectively (14 . 15) . Additional ivi genes of unknown 
function were also Dam-regulated. These results indicate tiiat Dam is a global regulator of Salmonella gene 
expression and tiiatthe dam-regulated ivi genes constitute a dam regulon (i). 

Salmonella pathogenesis is known to be controlled by PhoP, a DNA binding protein that acts as both an 
inducer and repressor of specific virulence genes [reviewed in (16) ]. To determine whether the Dam and 
PhoP regulatory pathways share common genes, we tested tiie effect of Dam on seven PhoP- activated ivi 
genes, including spvB, pmrB, and mgtA. Dam repressed the expression of these three genes by a factor of 2 
to 19 (Fig. 2), and this repression was not dependent on the PhoP protein. Dam did not significantly affect 
the expression of the remaining four PhoP-activated genes (17). These results indicate that Dam and PhoP 
constitute an overiapping global regulatory network controlling Salmonella virulence. 

Binding of regulatory proteins to DNA can form DNA methylation patterns by blocking the methylation of 
specific Dam target sites (GATC sequences) (18). Therefore, we further investigated the interactions 
between Dam and PhoP by determining whether tfie binding of PhoP (or a PhoP-regulated protein) to 
specific DNA sites blocks methylation of these sites by Dam, resulting in an alteration in the DNA 
methylation pattern. Analysis of PhoP* and PhoP' Salmonella showed distinct differences in DNA 
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methylation patterns. Digestion of genomic DNA from PhoP" bacteria with Mbo I (which cleaves only at 
nonmethylated GATC sites) resulted in the appearance of DNA fragments that were not present in DNA from 
PhoP* bacteria, indicating that the PhoP protein (or a PhoP-regulated gene product) blocks Dam 
methylation at specific GATC-containing sites in the Salmonella genome (Fig. 3, arrows). Recent data have 
shown that although catabolite gene activator protein binds to a DNA sequence containing GATC, it does 
not protect this site from methylation 0.8). Thus, not every protein that binds to a Dam target site protects the 
GATC sequence from methylation. It is also possible that PhoP* and PhoP" strains have different amounts 
of Dam activity, which in turn could affect DNA methylation patterns. However, this regulation does not occur 
at the transcriptional level because Dam does not alter PhoP expression, nor does PhoP alter Dam 
expression (17). Further analysis will determine whether these PhoP-protected sites are within regulatory 
regions of virulence genes, and whether DNA methylation directly affects the PhoP regulon by altering DNA- 
PhoP interactions. 

In E. coli, almost all GATC sites protected from methylation are in 5' noncoding DNA regions presumably 
involved in the control of gene expression (19 . 20) . Thus, it is likely that the DNA methylation patterns 
identified in Salmonella (Fig. 3) are also within gene regulatory regions. Methylation of specific GATC sites in 
the regulatory regions of virulence genes could affect the binding of regulatory proteins to DNA. Such altered 
protein-DNA interactions can affect gene expression, as has been shown for the pap virulence operon in E. 
coli (7,18). Similarly, Dam methylation could directly or indirectly affect the expression of PhoPQ-regulated 
genes in S. typhimurium. 

Because Dam" mutants were highly attenuated, we determined whether Dam" Salmonella could serve as a 

live attenuated vaccine. Table 2 shows that all (17/17) mice immunized with a S. typhimurium Dam" insertion 
strain survived a wild-type challenge of 104 above the LD50, whereas all nonimmunized mice (12/12) died 
after challenge. Moreover, because all (8/8) mice immunized with Salmonella containing the dam deletion 
survived challenge, these data indicate that protection was specifically due to the absence of Dam 
methylase. Preliminary experiments indicate that mice immunized with Dam" S. typhimurium showed cross- 
protection against another pathogenic strain of Salmonella (17). The virulence attenuation and effectiveness 
of Dam" mutants as a vaccine (Tables 1 and 2) could be due to the ectopic expression of virulence 
determinants (Figs. 1 and 2), which would likely be deleterious to the growth (or survival) of Salmonella 
during infection. 

Dam" Salmonella could have been avirulent as a result of multiple defects in basic cellular processes that 
reduced viability. This hypothesis was tested by comparing the survival of Dam* and Dam" Salmonella in 
mouse tissues. As shown in Fig. 4, Dam" bacteria were fully proficient in colonization of a mucosal site 
(Peyer's patches) but showed severe defects in colonization of deeper tissue sites. Five days after infection, 
we observed a reduction of three orders of magnitude in numbers of Dam" Salmonella in the mesenteric 
lymph nodes (relative to numbers of Dam* bacteria) and a reduction of eight orders of magnitude in 
numbers of Dam' Salmonella in the liver and spleen. These data show that Dam" Salmonella survive in 
Peyer's patches of the mouse small intestine for at least 5 days, providing an opportunity for elicitation of a 
host immune response. Dam" Salmonella, however, were unable to cause disease; they either were unable 
to invade systemic tissues or were able to invade but could not survive. 

DNA adenine methylases are potentially excellent targets for both vaccines and antimicrobials. They are 
highly conserved in many pathogenic bacteria that cause significant morbidity and mortality, such as Vibrio 
cholerae (21), Salmonella typhi (22), pathogenic E. coli (23), Yersinia pestis (22), Haemophilus influenzae 
(24). and Treponema pallidum (25). In addition, because Dam is a global regulator of genes expressed 
during infection (Fig. 1), Dam" mutants may ectopically express multiple immunogens that are processed 
and presented to the immune system. Such ectopic expression could elicit a cross-protective immune 
response between related bacterial strains that share common epitopes. Finally, because the Dam 
methylase is essential for bacterial virulence. Dam inhibitors are likely to have broad antimicrobial action, 
hence Dam is a promising target for antimicrobial drug development. 

Table 1, Dam is required for Salmonella virulence. ND. not determined. 
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Legend for Chart: 

A - Relevant genotype (*) 
B - Oral LD5q(A) 

C - Intraperitoneal LD^^ (A) 

D - Competitive index (B) 

A BCD 

Wild type 10^ <10 

daial02: : Mud-Cm >10^ >10'^ <10"^ 

damDelta232 (nonpolar 

deletion) >10^ >10'* <10-^ 

Wild type (pTP166) 

(Dam overproducer) 10^ >10'^ <10"'* 

mutS121: :TnlO 10^ ND 0.9 

lrp31::Km 10^ ND 9.4 

dcml::Km 10^ <10 0.2 

(*) All bacterial strains used in this study are derivatives of 
S. typhimurium 14028. Mutant strains are isogenic to the wild 
type and were obtained or constructed 'as described (4) . Strains 
used in infection studies were grown overnight in LB with shaking 
(9), The Dam- overproducing strain contains E. coli dam on a 
recombinant plasmid (pTP166) in a wild-type background (30) . 
(A) The LD^Q assay for each of these strains was compared 

to that for the wild type. The peroral LD^^ via 

gastrointubation for all derivatives was determined by infecting 
at least 12 BALB/c mice; the intraperitoneal LD^^ was 

determined by infecting at least six mice. (B) At least five 
BALB/c mice were intraperitoneally infected with a 1:1 ratio of 
mutant to wild type, as described (9) . Five days after infection, 
the bacterial cells were recovered from the spleen; the 
competitive index is the ratio of mutant to wild-type bacteria 
recovered . 

Table 2, Dam- Salmonella serve as effective live attenuated vaccines. 

Legend for Chart: 

A - Immunization with Dam" S. typhimurium (* ) 

B - Challenge with 10^ wild-type S, typhimuriiam 

A B 

None 12/12 dead 

daml02 :: Mud-Cm 17/17 alive 

damDelta232 (nonpolar deletion) 8/8 alive 
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(*) BALB/c mice were perorally immunized via gastrointubation 

with a dose of 10^ Dam" S. typhimurium. Five weeks 
later, the immunized mice were challenged perorally with 

10^ wild- type S. typhimurium as described. No visible 

effects of typhoid fever were observed after immunization with 

Dam" Salmonella, nor were there visible effects after the 
wild- type challenge. 

GRAPH: Fig. 1 . Dam regulates in vivo induced genes. Beta-galactosidase expression from S. typhimurium 
ivi fusions in Dam* and Dam' strains, grown to saturation in LB medium as described (27) . was measured. 
The vertical axis shows Beta-galactosidase activities [micromoles of onitrophenol (ONP) formed per minute 

per A600 unit per milliliter of ceil suspension x 1 0^]. The Beta-galactosidase activities were assayed as 
described (28) . 

GRAPH: Fig. 2. Dam represses PhoP-activated genes. Beta-galactosidase expression from S. typhimurium 
ivi fusion strains, grown in minimal medium (pH 5.5, 50 MuM Mg2'*") as described (27), was measured. The 
vertical axis shows - galactosidase activities (calculated as in Fig. 1). The Beta-galactosidase activities were 
assayed as described (28). 

GRAPH: Fig. 3. PhoP affects the formation of Salmonella DNA methylation patterns. DNA methylation 
patterns formed in PhoP+ and from PhoP- strains in minimal medium. Genomic DNA prepared from PhoP+ 
and from PhoP- strains embedded in agarose was cleaved with Mbo I (which cleaves nonmethylated Dam- 
target sites) and subjected to pulsed-field gel electrophoresis (29). The arrows indicate two DNA fragments 
that were present in PhoP" Salmonella but were absent in PhoP* Salmonella. 

GRAPHS: Fig. 4. Colonization of mouse tissue sites by Dam" Salmonella. BALB/c mice were infected via 
gastrointubation at a dose of 10® Dam* (open boxes) or Dam' (closed boxes) S. typhimurium. After 1 day or 
5 days after infection, mice were killed and bacteria were recovered from the host tissues indicated. PP, 
Peyer's patches (the four patches proximal to the ileal-cecal junction); MLN, mesenteric lymph nodes; CFU, 
colony-forming units. 
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ABSTRACT 

Mutants oi Salmonella typhimurium lacking DNA adenine methylase were isolated; they include insertion 
and deletion alleles. The dam\oca& maps at 75 min between c>jG and aroB, similar to die Escherichia coli 
dam gene. Dam" mutants of S, typhimurium resemble those of £. coH in the following phenotypes: 
(1) increased spontaneous mutations, (2) moderate SOS induction, (3) enhancement of duplication 
segregation. (4) inviability of dam recA and dam recB mutants, and (5) suppression of the inviability of 
the dam recA and dam recB combinations by mutations that eliminate mismatch repair. However, differ- 
ences between S, typhimurium and £. coU dam mutants are also found: [\) S. typhimurium dam mutants do 
not show increased UV sensitivity, suggesting thatmediyWirected mismatch repair docs not participate in 
the repair of UV-induced DNA damage in SahnoncUa. (2) 5. typhimurium dam r^c/ mutants are viable, 
suggesting that the Salmonella RecJ function does not participate in the repair of DNA strand breaks' 
formed in die absence of Dam methylation. We also describe a genetic screen for detecting novel genes 
regulated by Dam methylation and a locus repressed by Dam meOiylation in die S, typhimurium vinilcnce 
(or "cryptic") plasmid. 



THE biological functions of DNA adenine methyla- 
tion have been widely investigated in Escherichia 
coliznd its phages (reviewed by Hattman 1981; Mari- 
Nus 1984, 1987a,b; Messer and Noyer-Weidner 1988; 
Barras and Marinus 1989; Noyer-Weidner and 
Traittner 1993). The DNA of £. co/t contains '--1.5 mol 
of 6-methyKadenine per 100 mol of adenine (Hattman 
1981; Marinus 1984). Formation of 6-methyl-adenine 
results from postreplicative modification of adenine res- 
idues in S'-GATC-S' sites; methylation occurs in both 
strands of the palindromic target (Lacks and 
Greenberg 1977). The methylation reaction is cata- 
lyzed by the enzyme DNA adenine methyltransferase, 
often called "Dam methylase*' (Herman and Modrich 
1982). The dam gene is located at 74 min on the E, coU 
genetic map and is cotransducible with cysG (Marinus 
1973; Bachmann 1990). The dam gene is part of an 
operon containing aroK, aroB. trpS and two additional 
genes involved in carbohydrate metabolism (L0BNER- 
Olesen ei al 1992; Lyncstadaas et oL 1995). 

In £. coit and its phages Mu and PI, many roles of Dam 
methylation have been identified. Upon chromosome 
replication, the existence of hemimethylated 5'-GATG- 
3' sites directs mismatch repair toward the newiy synthe- 
sized, unmethylated strand (Lu et oL 1983; Pukkila ei al 
1983; Radman and Wagner 1986; Modrich 1987). Dam 
methylation also controls the initiation of chromosome 
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replication (Messer et al 1985; Smith et al 1985; BOYE 
and: LeBNER-OiisEN 1990; Campbell aiid Kleckner 
1990; ABELES.d! ^ 1993), segregation of the daughter 
chromosome molecules (Ogden et oil 1988; Herrick ^ 
al 1994), regulation of plasmid replication (Russel and 
Zinder 1987; Gammie and Crosa 1991). and the activity 
of certain host and phage genes (Hattman 1982; Mari- 
nus 1985; Roberts et al 1985; Braun and Wright 1986; 
KtrcHERER et al 1986; Blyn et al 1990; Campbell and 
Kleckner 1990; Braaten et al 1994). In addition. Dam 
methylation is involved in the initiation of PI DNA repli- 
cation (Abeles et al 1993), packaging of bacteriophage 
PI DNA into virions (Sternberg and Coulhy 1990) and 
also affects functions associated with bacterial retropo- 
sons (Hsu et al 1990). This variety of processes affected 
by Dam methylation confirms earlier expectations on 
its relevance as a physiological signal (Hattman 1981; 
Marinus 1987a,b). 

A Salmov^Ua typhimurium point mutant lacking DNA 
adenine methylase was described a decade ago (RlCHTiE 
et al 1986). Given the pleiolropy of dam mutations of 
£, coli and the intricacies found in their manipulation 
(MccRAW and Marinus 1980; Peterson et al 1985; Pe- 
terson and Mount 1993). we judged that the study of 
Dam methylation in SalmoneDa might become easier 
if insertion and deletion alleles were available. Both 
types of alleles are described in this paper. In addition, 
a detailed characterization of 5. typhimurium Dam' mu- 
tants shows that diey share with those of £ coU many 
defects in recombination and DNA repair; however, dif- 
ferences are also found. The latter are inuiguing and 
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potentially insightful, like other examples of divergence 
between Escherichia and Salmonella (Riley and San- 
derson 1990). 

The last part of this study describes a genetic screen- 
ing for the detection of genes regulated by Dam methyl- 
ation and the finding of a locus strongly repressed by 
Dam mcthyladon, located in the S. lyphimurium viru- 
lence plasmid. 

MATERIALS AND METHODS 

Bacrterial strains, bacteriophages and strain constnicdon; 
The S. typhimunum strains used in this study arc listed in TaWc 
1. Transduclional crosses using phage P22 HT 105/1 int201 
(ScHMiEGER 1972; G. Roberts, unpublished data) were used 
for strain construction operations involving chromosomal 
markers; the transducing phage will be henceforth referred as 
"P22 HT". Phage sensitivity was tested by cross-streaking with 
the clear-plaque mutant P22 H5. To obtain phage-free isolates, 
transductants were purified by streaking on "green" plates. 
Strains SV3019-SV3030 arose from matings between the K coli 
donors CC101-CC106 (Cupples and MiU£R 1989) and either 
of the 5. ^himurium recipients SV3016 or SV3017. In these 
crosses, F-prime transfer wa<i scored on F plates, selecting Pro* 
Tct' or Pro* Cam^ transconjugants; growth in the absence of 
proline selected for F-prime transfer, while the presence of the 
antibiotic counterselecied the K coU donors. Strain UA1570» 
obtained from Xavier Garriga (Dep. Microbiologia, Univec^itat 
Autdnoma de Barcelona, Bellaterra, Spain) , carries a Tn5 chro- 
mosomal insertion that has not been mapped; we have named 
this insertion zzz-630X following the nomenclature of Chumlev 
el al (1979) and using a i- allele number assigned to our 
laboratory by die Salmonella Genetic Stock Center (SGSC), 
University of Calgary, Alberta. Canada. The nature and the 
origin of this Tn5 insertion are described in the following 
secdon. Using the same nomenclature system, a Mu^f insertion 
in an unknown locus of the 5. typhimunum vimlence plasmid 
has been named ixv-6306-:M\X€^. 

Plasartudsandtransposons:F'128/mi* lac^ jzf-2836:fTnl0dC&m 
is an Z coli cpisome canying a defective Tn/0 element that 
confers cloramphenicol resistance (EuJOTr and RoTH 1985). 
pNK972 (AmpO is a pBR332 derivative canying the IS/(?iranspo- 
sase gene under the control of a toe promoter (BENDER and 
Ki£CKNER 1986). The £. coU episome F128 pm* lac* af- 
1831:.'Tn20dTc\ and die S, typhimutiuin cpisome ri52 tukT 4^ 
Ift33::Tnl0dKAn were both obtained from J. R. Roth. Depart- 
Hkent of Biology, University of Utah, Salt Lake City, Utah. Plasmid 
pTP166, obtained firom M. G. Marinus (Department of Pharma- 
cology, University of Massachusetts, Worcester. Massachusetts), 
is a pBR322 derivative canying the R coli dam gene under the 
control of a toe promoter (Marinus et oL 1984). Repression of 
tlie tac promoter was acliievcd by using tlie episome F pm^ 
iacn UZ:n:nJ0A4'HHJO4, obtained from J. R. Roth. Plasmid 
pG£108 (Kan') is a ColEl derivative carrying a cea: 'lacZ^\on 
(SAiiis et oL 1987). Plasmid pSE143 (Kan^) is a pSClOl deriva- 
tive canying a xtmvDC::lacZ fusion (Elledce and Walker 1983). 
pIZ53 b a pUC19 derivative canying the internal HindHl frag- 
ment of TnJ; this ftagment includes the kanamydn-resistance 
gene (Maldonado et aL 1992). Mu<fl is the specialized transduc- 
ing phage Mud\ (Amp Lac cts62) originally constructed by Ca&v 
DABAN and Cohen (1979). MudiS is a transposition-defective 
derivative of Mui/l (Hughes and Roth 1934). Mu£fll734[Kan- 
Lacl {CAsniHOe(aL 1984) is a transpositiorvdefidcntMu deriva- 
tive that generates opcron fusions upon insertion; the element 
has been renamed Mu<g (Hughes and Roth 1988). MuiQ is a 



"lockednn" P22-Mu hybrid conferring chloramphenicol resis- 
tance (Youderian et oL 1988; Benson and Goldman 1992). The 
insertion allele zu^iOi ' Tn^llcxA ' -'/acZJ carries a defective Tn3 
derivative bearing a transcriptional fusion between the S, t^imw- 
rium UxA promoter/operator region and the £ coli lacZ gene 
(Garriga 1992). 

Media and growth coaditioos: The £ medium of VoCEL 
and Bonner (1956) was used as the standard minimal me- 
dium. NCE is E medium without citrate. Carbon sources were 
either 0.2% glucose or 1% lactose. The rich medium was 
nutrient broth (8 g/I, Difco) with added NaQ (5 g/1). Mac- 
Conkey agar base was from Difco. Solid media contained 
Difco agar ai 1.5% final concentration. Auxotrophic require- 
ments and antibiotics were used at the final concentrations 
described by Maloy (1990). Green plates were prepared ac- 
cording to Chan aal (1972), except that methyl blue (Sigina) 
substituted for aniline blue. For die selection of tctracycline- 
sensiuve derivatives of Tet*^ strains, we used the medium of 
BOCHNER et al (1980) as modified by Maix)Y and NuNN 
(1981). 

Transposon substitutions: A lysate grown on strain TT10425 
was used for transposon replacement at the dam locus. This 
strain carries an F prime containing TniOtflCan (see the strain 
list). The lysate was irradiated with UV light, using a 15 W 
Sylvania lamp at a distance of 30 cm for 30 see; irradiation of 
the phage suspensions can be expected to increase recombina- 
tion in the transductants (Rupp ei aL 1971), Transductions 
selecting the incoming marker (Kan^ were carried out Kan' 
irdiisductanis were then scored for loss of die resident marker 
(Tet"). This procedure allowed us to obtain allele variants 
tagged with different antibiotic resistance markers («.^.» Tet' 
and KanO- Replacement of a /ocZallcle with die lacZ477::TnlO- 
dTet insertion was achieved using a lysate grown on strain 
TT16716. The lysate was UV irradiated as above; Tet' transduc- 
tants were selected on lactose indicator plates supplemented 
\vith tetracycline. 

Measurement of spontaneous mutadon rates using lac al- 
leles: Aliquots containing 10*^ cells were added to six tubes 
of NCE liquid medium containing 0.2% glucose. The cultures 
were incubated at 37° until saturation (-10'^ cells/ml). Cells 
were then spread on NCE-lactose plates (10" cells per plate, 
four plates per culture). Revertants were scored after 48-hr 
incubation at 37*. Viable cell counts were carried out on NB 
plates. 

Mutagenesis with Tn70dCani and isolation of insertions 
linked to the dam locus: We used the ' 'nonhomologous trans- 
duction" procedure (Elliott and Roth 1985). with modifi- 
cations described elsewhere (Flores and CasadesOs 1995). 
A lysate grown on strain SV2056 was used to transduce strain 
SV3002, selecting Cam*^ Amp' transductants. Transducing 
mixtures were made on NB plates and preincubated for 4-6 
hr at 37^ before replica-printing to NB supplemented with 
chloramphenicol and ampiciUin. Cam' Amp*^ transductants 
were replica-printed several (more than three) times to NB- 
Tct plates containing EGTA 10 mM; the latter was added to 
prevent reinfection (thus allowing the isolation of phage-free 
derivatives). Pools of 1000-2000 Cam' Tet' colonies were 
made and lysed with phage P22 HT. The pools were then 
used to transduce strain LT2; to detect cotransduction of the 
Tn7C?4Cam and TnlOdTei elements, Tet' transductants were 
replica-printed to NB plates supplemented with chloram- 
phenicol. 

Traosposidon of Mudf and random formation of transcrip- 
tional lac fudons: A P22 HT lysate grown on strain TT10288 
(Hughes and Roth 1988) was used to transduce TT1704. 
selecting kanamycin resistance. The recipient strain carried 
the noniransducible deletion Ahis-9533. Transductants were 
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Strain 



Genotype or phenotype 



Reference" 



JC608 

JC609 

JC610 

SV80 

SV1223 

SV1234 

SV1240 

SV1244 

SV2056 

SV3000 

SV3001 

SV3002 

svaoos 

SV3004 
SV3005 
SV30q6 
SV3007 
SV3008 
SV3009 
SV3010 
SV30U 
SV3012 
SV3013 
SV3014 
SV30J5 
SV3016 
SV3017 
SV3019 
SV3020 
SV3021 
SV3022 
SV3023 
SV3024 
SV3025 
SV3026 
SV3027 
SV3028 
SV3029 
SV3030 
SV3031 
SV3069 
SV3070 
. SV3071 
SV3072 
SV3073 
SV3074 
TR5527 
TR5667 
TR5878 

Tri704 
Tr2742 
TT92B6 

TT10425 
Tn0288 
7X10838 
TrU289 
1X15278 
1X16716 
UAI570 



dam-201.:Tnl0drct rpsLl 
dam'202:iTnlOdTct rpsLI 
danir20S::TnlOdTct rfuLl 
^his-S050 

TccF522^':Tn5 
X2z4305\VnS [lexA::lacZ\ 
recAl f€ch497.M\x^ 

^his-S050/r 128 iac* pro* ufI8^:Tnl0dCm 

dam'201::rnl0drct 

rfaro-20/::TnJ(WKan 

rfaM-207::Tii /0<irel/pNK972 

DUP [lrp'2482 *Mu(/ln8* hid)99^J] 

DUP (i7/)^24S2 ♦Murfl^* hisD9953] ciam-20/::TniOdTet 

rfflm.20/::Xn/a<fret z2Z'€305-Tn5 [UxA::la£Z] 
A<iflm-2(W za-6iO>.Tn5 [iacA::lacZ\ 
LT2/pTP166 

DUP [trp^2m*Mu(nS* hisD9953\ damA204 
^dam'204 mutLUhi'TnlO 
^dam-204 rrtuiS121::Tn20 
Adam-204 muiHlOIiiTnB 
Adam-204/pT?m 

DUP {trp'2482 *Mu(il^* hxsD995^ damA204 m«t///0;::Tn5 
fjroA692::M\idQ, 

dam'201\:Tn lOdTet proA692:Mu(iQ 
pnA692iiMndQ/¥' iadlOI pmAB* 
proA692:'MMdQ/f* iacHQ2 /miAB* 
pTaA692:'M^xdQ/r iacZl03 pnAB" 
prvA692:iM\xdQ/T' lacZ104 proAB^ 
pnA692::Mu<iQ/r lacZm proAB" 
proA692^MMdQ/f* lacZlOS pmAB" 
dam-201::TnIOdlet frTQA69Z:M\nlQ/r latZlOl pnAS* 
dam'20}::TnJ0dTH frmA692i:MMdQ/r taeZ102 pntAB^ 
dam'20!::Tn lOdT ti pTtiA69Z:M\idQ/r UuZl03 pwAB^ 
dam-20hiTnlOdTtt pr6A692i:M\idQ/¥' UuZ104 proAB" 
dam'201\\YxilOdVci prxiA692:M}xdQ/r lacZl05 fnoAB* 
dam-20hiTnIOdrtt proA692.:MudQ/r lacZ}06 proAB* 
DUP [tTf^2482 *Muil^» hisD9933] miUHiOI:'Xn5 
Ul^tfiO^.:Mu<g dam'20hTnJ0dVet 
aiA6i06::Mu<g ^his-30^0 
ttu^iOft:Mu4 ^his-SOSO rfflm^20/;:Tni0iret 
uv'630&.Mvi(q C^hisSO^O 

ai>-6J0ft:Mu<g liacZ::Xni(?rfreil 
AAu-7i2, cured of the virulence plasmid 
(ysG439 rpsLl 

r(LX2)- m(LX2)- r(S)* av^$42 tnet A22 trpB2 FcU2- JliA66 

fpsU20 xfH04 metE331 hspU6 hspS29 
AhU-9533 
QroB54ZTn5 

proAB47 1euD798 ar^I537 ara-9 fol-I/¥*m praA^B" ar^ 

iaci9 r r A* 

nadA56/r\S^ nod* xafl83>.\rn lOd^u 
hisD9953-M\i(Q AuA944::Mudl 
ncAI 

TtcAI srl'203::TnJ0dC^m 
ucp04vM\x^ 

his'644 pnh62J/r pro* UuZ47?,(Tn20drct 
xxxr630^'.{rn5 [UxAi',Uu:Z\ Rif 



OaKZON etal (1996) 

A. GaRZON 

A. Carzon 

Garzon €t al (1995) 

Fl.0R£5 and CasaoesOs (1995) 



J. R. Roth 
J. R. Roth 
SGSC' 

J, R. Roth 
SGSC* 
J. R. Roth 

J. R Roth 

Hughes and Roth (1968) 
J. R. Roth 

J. R. RCXTH 

Mahan €t qL (1992) 

SGSC* 

X. Garrica 



* Omitted for strains first described in this study. 
T2*N^N4' Genetic Stock Center, Department of Biological Sciences, University of Calgary, Calgary, Alberta, Canada 
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selected on lactose indicator media (MacConkey-lactose or X- 
gal NB plates) supplemented with kanamycin. Rare Km"^ Ap' 
iran&ductants generated by double-fragment transduction are 
easily identified because they arc Kan' Amp', while transduc- 
tants carrying Mu^ "hops" are Kan' Amp* (HuCHKii and 
Roth 1988). Kan' transductants were made phage-free by 
replica-printing (more than two times) to plates containing 
10 mM EGTA. 

TransducdoQ and cotransductioDal mapping: Preparation 
of phage P22 lysaies and transductions were performed ac- 
cording to Garzon et aL (1995). The efficiency of transduc- 
u*on (EOT) of a given iy&ate is the ratio between the numbers 
of transductants obtained on a pair of isogenic strains. For 
cotransduccional mapping, transduccauts were replica-printed 
to suitable plates to score transduction of unsetected markers. 
Coiransduction frequencies are averages of more than four 
independent crosses, scoring at least 300 transductants from 
each cross. The relative order of markers was determined 
by three-factor crosses. Table 1 contains the original strains 
carrying markers coiransducible with the loci studied but not 
their derivatives constructed by adding one of the alleles to be 
mapped; such construcdons were required to perform certain 
ihrec-factcr crosses. 

UV survival assays: Overnight cultures made in NB were 
diluted 1 / JO in the same medium. When the cultures reached 
an O.D.tm = 0.5, the cells were harvested and rtsuspended 
in E buffer (E medium widioui glucose). Five-mill il iter ali- 
quots were transferred to sterile, empty Petri dishes. Irradia- 
don was achieved by opening the plates under a 15 W Sylvania 
UV lamp at a distance of 30 cm in the ahsence of daylight 
illuminadon. Cell suspensions were stirred during irradiation. 
After serial dilution in foil-covered tubes, irradiated cultures 
were plated on NB. 

Analysis of duplication segregation: A single colony from 
a selecdve plate was used to inoculate 2 ml of nonselective 
NB broth, grown overnight, diluted and plated on nonselec- 
tive NB agar. When colonies appeared* they were replica- 
printed to plates selective for cells carrying the duplication 
(NB supplemented with ampicillin). The percentage given 
refers to the fraction of colonies that lost the duplication. 

Rapid mapping with Hud^it prophages: We followed the 
procedure of Benson and Goldman (1992), using a collec- 
uon of 67 "locked-in" Mud-P22 prophages (Bknson and 
GoiDMAN 1992;Fi.ORES and CASADEStfS 1995). This collection 
is not included in the strain list. 

^-galactosidase assays: Levels of ^-galactosidasc were as- 
sayed as described by Mii.i4iR ( 1972), using the CHCl.,-sodium 
dodccyl sulfate permeabilizaUon procedure. 

Isolation and purification of genomic DNA: A pellet from 
a 5 ml culture grown in NB was rcsuspended in 1 ml TE- 
glucosc (25 mM Tris-HCI, 10 mM EDTA, 50 mM glucose pH 
8.0) and 0.1 ml of a mixture containing lysozyme, proteinase 
K and ribonuclease A (final concentrauons: 5 A*g/ml, 0.05 
/ig/ml, and 0.5 /ig/ml, respecuvely) . After 30 min bf incuba- 
tion at 37*, 0.1 ml SDS (20%) was added and incubation was 
continued for another 30 min. DNA was sheared by passing 
once through a syringe and extracted once with phenol, twice 
with phenol-chloroform aiid twice with chloroform, DNA was 
precipitated at - 70' by adding 2.5 volumes of absolute etha- 
nol and 1/10 (v:v) of 3 M sodium acetate. After centrifugation. 
the DNA pellet was resuspended in 0.2 ml TE buffer (Tris- 
HCl 10 mM, EDTA 1 mM pH 7.6). 

Discriminadon of the methyladon status of adenine resi- 
dues in genomic DNA: Genomic DNA preparadons were di- 
gested with restricuon enzymes »9ou3AI, Dpril and Mbol (all 
from Boeh ringer Mannheim). AJ) these enzymes recognize 
the sequence 5'-CATC-3'. The endonucleolytic activity of 



Mbol is blocked by Dam methyladon, while Dfml only cuts 
methylated DNA; cutting by .Vatz3AI is irrespective of the 
methyladon status. 

Transfonnation of 5. lyphimurium: The transformable strain 
TR5878 was used as the recipient of plasmids; prcparadon of 
competent cells and transfonnadon followed the procedures 
of U:DERflERC and Cohen (1974). Plasmids transformed into 
TR5878 were transferred to suitable recipients by transducdon 
with P22 HT. 

Extraction of the S, typhimurium virulence plasmid: One 
milliliter of an overnight culture in LB was centrifuged at 
12,000 rpm for .2 min at 4*. The pellet was resuspended in 
150 /J of E buffer; 300 /d of lysis soludon were then added. 
After incubating at 65* for 1 hr, the lysate was chilled on ice 
and shaken for 10 min (until a white precipitate was formed). 
The preparation was then buffered by adding 150 ^^1 of ice- 
cold 2 M Tris, shaken gendy until it became transparent and 
centrifuged at 12,000 rpm for 20 min in the cold. The super- 
natant was transferred to a clean tube and mixed with one 
volume of nonsaturated phenolxhloroformrisoamyl alcohol 
(25:24:1). After two to three extraction cycles, DNA was pre- 
cipitated with 3 M sodium acetate and absolute ethanoL The 
pellet was rinsed with 70% ethanol and resuspended in 10 fi\ 
of minimal TE. All preparations were treated with ribo- 
nuclease (0.1 mg/ml, final concentration) before storage at 
-20*. 

DNA hybridixadon: DNA hybridization followed the proce- 
dures described by Sambrook et aL (1989). DNA was trans- 
ferred to a nylon membrane usuig a vacuum blotting system 
(TransVac TE80. HoefTer Scientific Instruments) and cross- 
linked by UV irradiation. The probes were labeled by random 
priming with chemiluminescent digoxigenin-dUTP (Boeh- 
ringer Mannheim) ; hybridization bands were visualized on an 
X-ray film. 

RESULTS 

Isolation and characterization of Dam~ mutants of S, 
typhimwium: Tn lOdTei insertions in the 5. typhimurium 
dam locus were identified following localized mutagenesis 
of the region known to include this gene in E coli. In the 
latter, dnm is located between cysG and aroB at min 74 
(Marinus 1973; Bachmann 1990), a region that corre- 
sponds to min 75 in 5. typhmurium (SAha)ERSON et al 
1995). In our search for JnlOdTci insertions in dam, the 
cysG gene was med as the linked marker because muta- 
tions in the closer gene awB often cause a leaky Dam" 
phenotype (data not shown); a similar effect of oro^muta- 
tions has been described in E. coU (Lpbner-Olesen et al 
1992). Regional mutagenesis with Tn lOdTtX was achieved 
in two steps: (1) nine pools ofTixlOdTet insertions were 
generated in the wild-type strain LT2; each pool was made 
from 25OO-,S00O indepenrlent Tet' colonies; (2) P22 HT 
phage grown on the pooled cells was used to transduce 
suain TR5667, selecting teuacycline resistance. Prototro- 
phic (CysG*) transductants were scored by replica-print- 
ing to minimal medium containing tetracycline. Selection 
for prototrophy eliminated potential candidates carrying 
aroB mutations polar on dam. The total number of Tet" 
CysG* transductants obtained was 889. These were then 
examined for slow growth and/or abnormal colony mor- 
phology on green plates (Dam~ mutants of K coli show 
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Fica/KK 1. — DigCMion oi'gcnoniir DNAn by icsLiicuon cn- 
mnes with riiiVcreni rc^)>pn.scs u> rhr livciliylaiion siaU: of 
rfieir lai-gius (six tbc icxi for dtnails;). I^wcs are its tbllow-s: ] - 
1 Diun* (LT2); Dam (SVHOIK*); 9-12. Dam /pTPJCfi 
(SV3014). I-aiH's 1, 5 and ^ aic coiitioU of tindigesled DNA; 
lanes 2, 6 itnd 10 coiiUtin Sav!)Al digcstioits; lanits 5, 7 and 
U contain AfM digcstionjs: Vaxigs 4, B and 12 contain Df>nl 
digestion*, Umcs at Ixah gel edges ajntain DNA si/c markers 
(//fmlMWi^rested lambda DNA): 

abnormal cell ntorphology: st'c Barkas and Marines 

Twuiy candidates forming abnonnal colonics were 
physically analy-ted by digCvStiun uf gcnDinic DNA prepa- 
niiions with cudonucleaiwjs />/;nI, .S'rtwSAI and MM. All 
thcie cn/yinc^s rccc>gnizt' the »c(|ucnc<r 5'<}KVCrtV, but 
MIuA activity is bK>ckod bfyDurii nieihylalion, while Dpid 
only cuts mcihylated DNA; SnuSAl cuts both nuiihylatcd 
and umethytued DNA, Three independent isolates 
(<%'ich ol)tained from a diHerent j>ool) proved to he 
Dam", as judged from their restrictum patterns* These 
isolates wert- the origin of strains JCCOS. )C:609 and 
JQilO; th<;ir <km alleles were designated dam-IOi, (Um- 
202 and davir203, respcctiv<;!y. The liiree siniins looked 
identiciil in gcnetii: and physical tests and their Soiah- 
i\n\ hybridization paiicnw against a To /O probe were 
identical (dau\ not shown); thus th<:y Avcre probably 
generated by TniO^flfet insertions hi the same $ivc. For 
fiu Uier work, th<; alleie <l^im-2(}/::Tn//?of strain J QiOH 
was transduced to LT2» gi\nng rise U) strain SVHOOO (see 
Ils DNA resuiction pattern in Figtire I, lanes 5-8). This 
strain was iiscd as the standard Dam " insertion in in ant 
of .V. typhimuriim. 

On gi'een plates. Dam nvuiantfi of .S*. fyphimumm 
form flat, dull colonies diat are easily distingtiished 
from the convex, glossy colonies of the wild type (Mgure 
2). T>iis dLsiihct colony moipholog)' is a reliable trait 
and can be used for strain constixictlon. 

For the genei-ation of allele v:irianLs, a lysate grown 
on su-ain IT 1 0425 w^as UVMrradiated an<l ased to trans- 
duce W3000. Kan' iransductanrs appeared at frequen- 
cies aroimd 10'^ per p.f.n.; Kiwf transductanu were 




FKUiRK 2. — A inixiuie of colonies formed by isogenic Darn ^ 
and Dain" Mrains tif S, lyphiwurivtn {hTI and SV.')O(M), ropcc- 
ijvely) on green plates. Tin: wM lypt: fuons Kl<>SNy convex 
colonies, while the colonies formed by the Dm strain are 
dull ntid Oau 

scored for loss of tetracycline rcMstance and for the 
maintenance of phenotypes chju-acteristic ofDiun nni- 
tarns (flat colony shape^ distinct restriction paticrn of 
giniomic DNA), One of the sub.stiiuti<m is<»lates was the 
originofsu-ainSV^OOI. 

Isolation of TnlOdCim insertions linked to the dam 
locas: P(K)ls oi' random Tn lOd(j^m ius<:riion5 were 
made on sinim SV300(); inscj tion.s liiikeil to tlic die 
mutation dapi'2()L''Tt\J0dTexiscvc detected by irotnias- 
duciion, using str<iiti LT2 i^s the recipient. IVo indepen- 
dent insertions linked to the rf^f^n locus were obtained; 
the closest was zh/'6M4, >dO% link<jd to dfm (see Fig- 
ure S). 

Isolation and characterization of deletion mutants: 

Tei;racycline-sensitive derivatives of strain S\':^0(K> were 
isolated on Bochner-Maloy plates (Bochner (d. 1980; 
Maloy and Nt;'NN 1981). Although the; selection agar 
contains trvptone and yeast extract, muianis are 
u liable to form colonics on ihi$ medium unless supple- 



ci/sG 



xhf-S304 



diUtt 



itroB 



0,17 



0.2D 



0.92 



0;23 



0.93 



0.95 



0.U 



0.93 



0.04 



0.09 



FiouRK '^. — Genetic mi^p of die mC^am-^wB iv\;k)u of 
the .V. tyl>hiiuuriiott<:\mmmsomi% tronsu uttcd by l*22-r«cdiatcd 
transflncti o nvil crosses. 
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mented with "aromatic mix'*. This selection permits 
the bolation of Tet* derivatives carrying only small dele- 
tions, because their extent is constrained by aroB at one 
side and by the essential gene trpS at the other. One 
Tet* derivative of strain SV3000 was the origin of strain 
SV3005; its deletion allele was named Adam-204. Geno- 
mic DNA from this strain was still able to hybridize 
against a dam probe (an XbaUPmdl fragment of plasmid 
pTP166). However, a band shift was observed, sug- 
gesting that the dam gene had suffered a partial dele- 
tion (data not shown). Further evidence that i^dam-204 
is a deletion allele was obtained during the study of a 
/oc fusion repressed by Dam methylation (see below). 

Complementation of dam mutations of S. typhimu- 
rium by the E. coH dam* gene: Flasmid pTP166 was 
transferred to strain TR5878 by transformation, select- 
ing ampicillin resistance. The resulting strain, TR5878/ 
pTP166, was used as donor to transduce pTP166 to 
various recipients in crosses mediated by P22 HT. When 
plasmid pTP166 was introduced in 5. typkimuriumDAm' 
mutants (e.^.„SV3000 or SV3006), it complemented the 
^/am mutation: all the Amp^ transductants regained both 
the wild-type colony shape (not shown) and a wild-type 
pattern of digestion by endonucleases Dpnl, SattSAl and 
Mbol (see lanes 10-12 in Figure 1). 

Genetic mapping of dam mutations: Two- and three- 
factor crosses were carried out by P22 HT transduction; 
linkage of unselected markers was scored by replica- 
printing. Preliminary mapping of the dam locus was 
perf*ormed using the alleles dam-20} ::Tn lOdTei^ dam- 
2{)2::Tn/0ifret and dam-203::Tnl0dTeL Furtherwork, 
including strain constructions for three-factor crosses, 
was carried out using the alleles dam-ZOV^TnlOdTtt 
and Adam-204, as well as the linked markers ar- 
oB542::Tn5, cysG439And zhf'6304::Tnl0dC2^m, The re- 
sulting genetic map is shown in Figure 3. It must be 
noted that linkage between aroS and dammutant alleles 
must be established using the antibiotic-resistance of a 
TniO insertion in dam, because the an)fl5^2.''Tn 5 muta- 
tion causes a leaky Dam' phenotype (data not shown). 

Viability of dam mutations in combination with other 
mutations: Viability tests involved two types of transduc- 
tional crosses: 

(1) Insertion alleles (e.g., re€D341 ::Tnl0dC2im, 
recF522::TT\5, recB503::TnlO, and TecJ504::Muiq) 
were transduced to an isogenic pair of Dam"*" and 
Dam" recipients. A given combination was judged 
inviable whenever the frequency of transductants was 
> 1000-fold reduced. The results of these experi- 
ments, summarized in Table 2, indicate that dam mu- 
tations of 5. typhimurium are inviable if combined 
with recB mutations, but not with recD, recF or ucj. 
Note a relevant difference between S. typhimurium 
and E. coli: in the latter, the combination dam recj is 
inviable (PETERSON ei al, 1985). 

(2) A lysate grown on a recAl JTi^20i:.Tn7(?dCam do- 



nor (TT11289) was used to transduce isogenic Dam* 
and Dam" recipients. The sri and recA loci are 50% 
linked (Sanderson and Roth 1983). Cotransduction 
of recA and sri was delected by scoring UV sensitivity. 
The combination ncA rfam was judged inviable because 
300/300 Cam' (Sri") transductants were UV. Thus, as 
in E. coli (Peterson et oL 1985), the combination recA 
dam is inviable in Salmonella. 

In £, coli the inviability of dam mutations in combina- 
tion with certain recombination functions has been at- 
tributed to the need of recombination to repair double- 
straud breaks derived from MutHLS-catalyzed incisions 
(Wang and SMtTH 1986). An analogous picture can be 
drawn for S. lyphtmurium, because the presence of mulHf 
mutL or otmAS mutations in the Dam" recipient permit- 
ted the isolation of RecB" transductants in P22-medi- 
ated crosses (Table 2). RecA* Dam" strains can be like- 
wise constructed if the recipient cont£Lins a muiH allele 
(data not shown). 

Lack and overproduction of DNA adenine methylase 
cause hypermutabiUty: Rates of spontaneous mutation 
to rifampicin resistance were compared by plating early 
stationary cultures on NB plates supplemented with ri- 
fampicin. The frequency of Rif ' mutants increased 
from 10"® in the wild type to 9-15 X 10"* in Dam" 
strains. However, the highest mutation rates (>400-fold 
higher than the wild type) were observed when the £. 
col i dam gene was i ntroduced into 5. typhimurium on a 
' ^ulticopy plasmid^ Thus lack of Dam methylase causes 
a miider hypermutability than Dam overproduction, 
suggesting that faster DNA remethylation perturbs mis- 
match repair more severely than the absence of methyl- 
ation. Similar results have been reported for £ coU 
(Marinus eioL 1984). 

The mutation pattern of Dam" strains was examined 
using the lacZ allele collection constructed by CuPPi-ES 
and Miller (1989). Six F* lac pro* episomes, each con- 
taining a known base substitution in the lacZ gene, were 
introduced in isogenic Dam* and Dam" strains of S. 
typhimurium. The six lacZ alleles cover all six possible 
base substitutions (CUPPLES and .Miller 1989); the ge- 
notypes of the strains used (SV3019-SV3030) are given 
in the strain list. The presence of a dam mutation in the 
background increased around eightfold the reversion 
rates of two alleles {lacZ102 and lacZ106) but had little 
or no effect on the other members of the lacZ allele 
collection. These results indicate that the increase of 
Lac* reversion observed in a Dam" host is clearly biased 
toward transition mutations, as in E. coli (Glickman 
1979). 

£ffect of dam mutations on SOS induction: SOS activ> 
ity was tested in lexA* / lexA lacZ mcrodiploids (strains 
SV1240. SV3007 and SV3a08), constructed by using a 
Tn5-bomc lexA::lac fusion (Garriga 1992). Measure- 
ments of )9-ga]actosidase activity indicated that muta- 
tions of Salmonella, like their £ coli counterparts (Pe- 



Dam Methylation in 5. typhmujium 
TABLE 2 



Viability of 5. typhimurium dam mutations in combination with other mutatioos 




Recipient 


Genotype of the recipient 


EOT- 




LT2 


dam* 


1 


SV3000 


damr201:{TnI0drct 


<10~'* 




SV3006 


tkdam^204 


<10~* 




SV3011 


Adam-204 mutLlllyJulO 


0.33 




SV3012 


Adamr204 mutSi2i::TniO 


0.45 


recB503:-:TnlO 


SV3013 


Ldnm'204 mutHI01:n:ti3 


1.2 


recD341::TnlOACmi 


LT2 


dam* 


1 




SV3000 


dam-201:frnI0tn:€i 


1.51 




LT2 


dam* 


1 




SV3000 


damr201;'i:nlOdTci 


0.21 


recJ304::MudCzm 


LT2 


dam* 


1 


SV3000 


dam-lOLlinlOdTet 


0.49 



* EOT (efficiency of transduction) is the ratio between the numbers of transductants obtained on a pair of 
isogenic strains. 



TERSON et al 1985), undergo moderate (two- to 
threefold) derepression of lexA transcription. Derepres- 
sion was not only observed for lexA; plate tests with plas- 
mid-borne umuDC::lac and cea'-lac fusions (Elledge 
and Walker 1983; Salles et al 1987) also showed in- 
creased expression in a Dam" background (data not 
shown). Thus 5. typhmurium dam mutations cause mod- 
erate SOS induction, like those of £. cali (Peterson et 
ai 1985). 

UV sensitivity assays: Dam~ mutants of E, colt are 
slighdy UV-scnsitive at low UV doses (Glickman et al 
1978), but their UV sensitivity increases with respect to 
wild type at higher UV doses (Marinus and Morris 
1974). We examined the UV sensitivity of 5. typhimurium 
Dam" isolates and observed a difference with their £. 
coli counterparts: Dam" mutants of Salmonella are UV- 
resistant at both low and high UV doses (Figure 4). 
Given the dififerences in UV mutability between £. coli 
and Salmonella (reviewed by Eisenstadt 1987) and the 
presence of i/winDGlike genes in the S. (ypAimwiim viru- 
lence (sometimes called *'cryptic") plasmid (NOHMI ei 
al 1991), we examined the possibility thai the UV resis- 
tance of S, typhimurium Dam" mutants might involve 
plasmid-bome function(s). For this purpose, we con- 
structed a Dam" derivative of a strain cured of the viru- 
lence plasmid and compared its UV sensitivity with that 
of the parental strain, TR5527. Both UV sensitivity 
curves were similar and roughly identical to those of 
Dam^ and Dam" LT2 derivatives shown in Figure 4. 
Thus Dam" strains of S. typhimurium n\3y he intrinsically 
resistant to UV radiation. Or, if alternative functions 
exist, they must lie in the chromosome and not in the 
virulence plasmid. 

Effect of dam mutations on duplication segrega- 
tion: Duplication segregation was examined using a 
test for homogenote formation formally similar to that 
of Marinus and Konrad (1976); the only difiference is 
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dam-ZOhxTnlO^Ttt 



recJSO^'Mudj 
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dam* 

daM-l(ntiTttlOdJt\ 



recB503vJntOdltt 
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Figure 4. — UV sensitivity curves of Dam* and Dam" strains 
of 5. typhimurium (LT2 and SV3000, respectively). To illustrate 
the UV sensitivity levels, three isogenic strains carrying recom- 
bination mutations arc also included (TT15278. TT10838 and 
SV1223). 
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Effect of dam mutations oa the segregation of du-omosomal duplications 



Strain 


Genotype 


% of segrcgants" 


SV3004 


DUP [trP'2482*Mvid\~B* hisD9953] 


67 


SV3005 


DUP [trp-2482*U\xd\'^* kUD9953] dnm.20hynlOdTci 


97 


SV3010 


DUP [t7p'2482*M\idiS* hi5D9933] Adam-ZOi 


99 


SV3031 


DUP [trp-2m*MudlS*' hisD9953] mutH20I,{Tn3 


33 


SV3015 


DUP lttih2482 *Murfl-8* hisD9953] t^dam-204 mutH101::Tn5 


40 



" Percentage of Amp' colonies; average of three experiments. 



that we used chromosome merodiploids instead of F- 
primc hctcrogenotes. Isogenic Dam* and Dam" pairs of 
strains carrying Mucf-induccd duplications with known 
cndpoints were grown rionselectively in NB until satura- 
tion. Absence of antibiotic selection permits segrega- 
tion of the Mud-held duplication (Hughes and Roth 
1985). Colonies were isolated on NB plates and haploid 
segregants lacking the Mu Encoded antibiotic resis- 
tance (AmpT were detected by replica-printing (FlORES 
and Casadesus 1995). 

Table 3 shows that duplication segregadon increases 
in a Dam" backgroimd; the increase can be suppressed 
by a mulH mutation. These results suggest that dam 
mutations enhance duplicadon segregation via mis- 
match repair, pi;obably because the MutH endonucle- 
ase introduces nicks or doubles tranded breaks in un- 
methylated DNA. Because the activated form of MutH 
can cleave both DNA strands at an unmet hylated 5'- 
GATC-3' site (Au el oL 1992), rare mismatches gener- 
ated during DNA replication can trigger MutHLS activ- 
ity. The free DNA ends generated can then be used to 
initiate homologous recombination, as proposed for E. 
coli (Marinus and Konrad 1976). 

A genetic screening for the detection of £ac transcrip 
tional fusions regulated by DNA adenine methyla- 
tion: Kan' transductants generated by Mu^ insertion 
were classified according to their Lac phenotype; 100- 
500 insertions of the same class (Lac* or Lac") were 
tiien pooled and lysed with P22 HT. Tlie lysates were 
used to transduce a Dam" recipient (SV3000), selecting 
Kan' transductants on indicator plates. This procedure 
can be expected to permit the detection of fusions in 
genes whose transcription is regulated by DNA adenine 
methylation: 

(1) Lac* isolates that turn Lac* in a Dam" back- 
ground carry fusions putatively repressed by Dam meth- 
ylation. 

(2) Lac* isolates that turn Lac" in a Dam" back- 
ground carry fusions putatively activated by Dam meth- 
ylation. 

To be classified as isolates carrying a fusion regulated 
by Dam methylation, candidates are required to pass 
three additional tests: 

(1 ) A "backcross" in which the original Dam* isolate 



is made Dam" by transduction of the insertion dam- 
20l::Tnl0drci. This test intencb to confirm that the 
change in color is caused by the dam mutation (and not 
by another mutation carried by the Dam' recipient). 

(2) Reconstruction crosses, in which the fusion is 
transduced to isogenic Dam* and Dam" derivatives 
(LT2 and SV3006, respectively). Reconstruction in re- 
cipients different from the pair of original strains in- 
tends to confirm that the fusion is regulated by Dam 
methylation irrespective of the background of the recip- 
ient. 

(3) Complementation with a cloned Jam* allele (car- 
ried on plasmid pTPl66), This test can confirm that 
the fusion is regulated by Dam methylation (and not 
by a gene located downstream of dam). This test is 
necessary whenever the dam alleles used are potentially 
polar (insertions or out-of-frame deletions). 

Genetic characterization of a fusion repressed by 
Dam methylation: Among the candidates obtained with 
the screening described in the former section, a lac 
fusion repressed by Dam methylation was chosen for 
furUier study. Dam** isolates carrying this fusion form 
white colonies on MacConkey lactose, while Dam" iso- 
lates form red colonies. In a Dam" host, the presence 
of plasmid pTP166 causes repression of the fusion to 
levels similar to the wild type (data not shown). Histo- 
grams of ^-galactosidase activities are shown in Figure 
5. The activity of the fiision is 10-fold higher in a Dam" 
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Figure 5. — /5-galactosidasc activities of isogenic pairs of 
Dam* and Dam" strains carrying the 7X0-6306 Mutj fusion 
in different backgrounds: his^ dam* (SV3003)» his* dam' 
(SV3069), AhiS'3030 dam* (SV3070), AhiS'3050 dam' 
(SV3071), Ahis-9533 dam* (SV3072) and Ahis'9533 dam" 
(SV3073). 
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l>ackgioun(l, a dercprcssioji level Kimilar to U)at ofihe 
IS /f^trAivsposasc gene (Uoberts eial. 1985) and higiicr 
iJian those ofotluir l)am-re]}rcs.scd genes such as j^tiS, 
Itpfi 'AMi sufA (Makinus 19^5, J987aJ>; Phtkiuson el al. 
J 985). llic fusion is not indudblc by DNA damage, 
indicat<:d bj' trcaimeni5\vUh ntUomyciii C and nalidixic 
acid (ttata not sh<m«). 

Isolates canyiiig Uit: fiLsion in a ^dam-lOi hack- 
ground are sial)l<r an<l do not segregate 1 -ac colonics 
or sectors. In conlrast , isolates carmng itic fnsion in a 
iUt}u-Z01'':Tn.lOifVc\ background yid<l colonies con- 
Uiining U\c sectni>i allow frequency (<1%). Sectored 
coJonit^s arc not Ibiind if the plattyi ton tain itrtracycline. 
n le-se resnlLs suggest tliai the dam-ZO! ■ 'Tn lOdlxi ii iser- 
tion ran undergo a low but delectable rate of ejtcision; 
in f'acu tran.sposa?e-independent XwtO excision has 
bt;cn shown to bi? enhaiieed in Dain* mutants of vV. 
hphhmmum (ffAKN-Utt and MacPhkk 1091 ). Mf>M Ijx<" 
scci:oi-$ seeuj to be Ibmed by Dam' revertanis, as 
judged Frinn the colony shape of purified Inc ' isolates 
and IVoni their ability to inherit a tt^/^ muiaiion (data 
not shown), Ihesc obseiTarions provide further e\i- 
denc<; that the allele cannot revert (and thus 

Is a deletion allele). 

The fact that the fusion had been isolau:d in .strain 
TIM 704, the usnal recipient for transductioaal deliveiy 
of Miiy/f (HtiGMKSand Rcrrtt I98i^), pn>in]>te<l a second, 
unexpected observation: in the Tri7()4 background, 
the nttio of ^-galactosidase activities found \x\ l>am 
and Danr Iiosts is 26. This result suggests thai 111704 
carries a second mutation that aciiv^ates tlie fusion in 
the absence of Dam methylaiion, lliis (hypothetical) 
n)uiation has no effect in a Dam ■ backgroiuid (Figure 
3). The deleiion carried by Tr:i704 is non- 

transducible.l)y P22; thus it nUist <;xceed tlie packaging 
capacity of the P22 capsid, 4S kb (Gvsii-N.s and HAn^KN 
1988). Smaller deletions vsuch as A7i/:y-;7ft50drt not itv 
crease the expression of du; ftusioti (Figure 5). Thuis 
wt: hypothesise that a locus loc~ated near the liistidinc 
opet:on may corepress the expres.'iion of the fiision. 

F<)r nrapping with the *Mocked-in'* x\indJ^2 proce- 
dure (BknsON and G<:)t.DMAN 1992), a Tn/Or/Tct ele- 
n^entwas introduced by homologous recombination: in 
the ImZ gene (>f ilie Mu</|-generat.c<t fusion. For this 
cixiss, a P22 lysatc gr\)wn on strain 'JTIGTIG \\us. DV- 
irradiated and used io transduce SV3003, selecting tei- 
racycline resistance on X-gal plates. Four Tel*^ L;ic'' 
transductants were obtained. All carried a Tni^/inscr- 
ilori 100% linked to the r<!sident Mu//I clement. One 
*>f tlu:se isolates was the origin of sirairi SV3()74. 

Aitenipis to map tbe T(m! insertion (and tluis t.h^ 
Mtu/J fusion) Avidi the locked-in Mud-P22 pibcedtuc 
(Bfa'.son and r-f>lJ>MAN 1992) did not provide patches 
of Teif iransduciants, suggesting that; th<: locus migbi 
not map on the chromosome. Evidence that the fusion 
mapped on the S, iyphimunum virulence plasmid was 
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KuajKr.. f). — (A) Agamsc gel elecuopliorvsis of virttlence 
plasmid l)N.\ prcpartiiions fn>ni strains I. Pi and 
l.ancs arc as follows: (I) vinilence plasmid from I.Ti, undi- 
gested; (2) virulence plysmid from V\% ^t/Rkligcsic^; (5) 
vinilenee plasmid from t.T2. /:/i/Kll!l-digestcd; (4) virulenef? 
plasmid fnunSA' -J005, undigested; (ti) vinilciice plasmid Irom 
SVSOOS, f:roya^tigc>sied; (t>) vinjience plasmid from SV3«()3, 
/7fmlHI-<figcsicd. (B) Son them Inbiidi^^iiionof the ON A fnig- 
n^cJKs shown in A, lusing ihi: y/ri/dllt lyagmeni of plasmid 
pIZTi-i as a probe; this fragment contains ihe 1 n5 kanamycin 
resistance gene (which is il»c same Kan* determinant ntrricd 
by rlie Mu^ elen»em). 

ohtTiined in transduction al crosses: Avhen the original 
element or iB Tni<)<:ont;iining derivative we^^ 
transduced to the wild-iyp(; L'l'^, transductants were oI> 
t^xined at frequencies near 10 ^ per' p.f.u. In contrast, 
no transdtictants were obtained w4un) th<; recipient was 
a strain ctu-ed of the virulence plasmid ('rkr>527). 

Physical mapping con(irnu;d that tbe Mur^-gene rated 
fusion was located on tht; ,S*. /^/>/j/wi/riM«/\intlcnce plas- 
mid, DNA preparations of the latter were digested with 
/{ctfRJ or WiwdlH and hybridised against the kanamycin 
gene of the Mti//f clement. The results confirmed tliai 
the fusiori i$ plasmld4jorne: die Mud] probe hybridized 
with a "^Jd-kb i&;oRl fragment (Figure 6B, lane 5), With 
a --lO-kb //nidlll Iragment (Figure BB, lane 6), and 
with undigested virulence phtsmid DNA (Figtue 6B, 
lane 4). The fusion has been named ziT>-/>.Jri/J':MuWJ. 

A lyfdtmtninvi [iomi mutant lacking DNA adenine 
methylase was described a decade ago (RicarriK el ni 
1986) and specific aspects of Datu medtylatiou in Sal- 
numella have been since then Investigated (Ri<:;ttTU:. 
al 1988; Hafni-r and M\cPjU>: 1991). Altiiough ilie 
pioneering rt^leviince of these studies must be empha- 
sized, their ttse of point mutant.s can be viewe<l as a 
potential source of problems. Because dam mutations 
are deleterious and bigldy pleiotropic, Dam " mutjuus 
iue prone eidjer to revert or to a<:cvnnulate |>;u'tiul sup- 
pressors (MacGR'Wv and MARiNt^s 1980); thus nodi- 
cal recoitstrucUon of Dam nunauts is highly advisable. 
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This can be readily achieved by the use of insertion 
alleles such as the Tn lOdTtt insertions described in this 
work. In turn, certain operations of strain construction 
are made easier by the use of deletion alleles that lack 
the Tni^^ncoded tetracycline resistance. Whenever 
necessary, Dam" deletion strains can be reconstructed 
using nearby inseruons such as zA/6i(H::Tni0dCam. 
For strain construction, one useful phenotype of Ehun" 
mutants of 5. iyphimuriumis their abnormal colony mor- 
phology on green plates. Like other phenotypes of 
Dam* strains, the unusual aspect of their colonies tends 
to disappear upon repeated subculture, but it is a reli- 
able trait to score for Dam" transductants. Confirma- 
tion of the /iam genotype may require either a genomic 
DNA digestion test or a compatibilitjr assay with recA or 
r^cB mutations (see below). 

Tn lOdTti insertions in the dam locus of S. typhimu- 
rium map at 75 min, as previously reported (Richtie et 
al 1986). Cotransductional mapping shows that the 
dam locus is 10% linked to cy^G and 95% linked to aroB; 
these data suggest a position identical to that of the £. 
coli dam gene (Marjnus 1973; Lyngstadaas ft oL 1995). 
The structure of the dam gene itself is likely to be con- 
served, because many (if not all) phenotypes of Salmo- 
nella Dam" mutants are efficiendy complemented by a 
plasmid containing the E. coli wild-type dam gene. A 
corollary is that the phenotypes that can be comple- 
mented are unequivocally caused by lack of DNA ade- 
nine methylase (and not by a polar effect of the dam 
mutation on downstream genes). 

Deletion alleles were obtained by selecting Tct* deriv- 
atives of TnlOdYtt insertions in dam. Deletions that 
remove genetic material from dam toward cysGdice. nec- 
essarily small because of the presence of the essential 
gene trpS (Lyncstadaas ei al 1995; Sanderson d al, 
1995). At the other side of dam, the extent of deletions 
r^n be constrained hy taking advantage of the presence 
of the aroB gene: if Tet* derivatives are obtained on 
plates lacking an aromatic mix supplement, only AroB* 
Tei* derivatives are obtained. The advantage of these 
constraints is the yield of deletions (such as d^dam-204 
and others) that remove litdc genetic material around 
dam and thus are safe to identify the consequences of 
loss of the Dam function (and not the combined effects 
of multigenic losses). 

Attempts to construct double mutants containing a 
dam mutation and another mutadon affecting recombi- 
nation and/or repair has indicated that the combina- 
tions recA dam and recB dam are inviable, while the com- 
binations T€cD dam, recF dam and recj dam are viable. 
These data indicate that viability of Dam* strains of 5. 
typhimurium requires certain recombination functions 
(RecA and RecBC) while others are dispensable (RecD, 
RecJ and RecF). By analogy with E. coli, one may inter- 
pret this to mean that Dam" strains suffer a higher 
incidence of MuiH-catalyzed double strand breaks 



(Wang and Smith 1986). This view is supported by 
the observation that Dam' RecA" and Dam* RecB~ 
mutants of 5. typhimurium are viable in the presence of 
mutations that eliminate mismatch repair such as mulH, 
mutL or mutS. Thus the RecA and RecBCD functions 
seem to be involved in the repair of the double-strand 
breaks typical of Dam* strains of Salmonella. For practi- 
cal purposes, the incompatibility between recB and dam 
mutations permits a rapid identification test: any puta- 
tive Dam" construct can be identified as such if it fails 
to inherit a recB insertion allele in a P22-mcdiated trans- 
ductional cross (well-characterized insertions in recA arc 
not available in S. typhimurium) . 

An important difference between Dam" mutants of 
£ coli and Salmonella concerns RecJ function: Dam" 
RecJ" mutants are viable in S, typhimurium but not in 
E, coli (Peterson et al. 1985). A recent study has sug- 
gested that repair of double-strand breaks in methyla- 
tion-deficient strains of E. coli requires a RecBC-depen- 
dent patiiway that includes RecJ (Peterson and Mount 
1993). In contrast, our data indicate that RecJ is not 
necessary for viability of Dam" strains of Salmonella, at 
least in an SbcB* background. Although the difference 
is surprising, one should keep in mind that the RecJ 
product may play slighdy different roles in E. coli and 
Salmonella (Mahan et al 1992). 

Another unexpected difference between Dam" mu- 
tants of £. coli and Salmonella is UV sensitivity: unlike 
E. coli, S. typhimurium Dam" mutants are not UV-sensi- 
tive (not even at high UV doses: see Marinus and Mor- 
ris 1973; Cuckman et al 1978). This observation sug- 
gests that methyl^lirected DNA repair does not play a 
significant role in the repair of UV damage in Salmo- 
nella. This observation is supported by the observation 
that mut alleles do not cause UV sensitivity (Shana- 
BRUCH et al 1981). However, we were surprised by the 
difference between £. coli and Salmonella and consid- 
ered the possibility that Salmonella might have alterna- 
tive repair functions. An obvious genetic entity that 
might harbor those hypothetical functions is the samAB- 
containing virulence plasmid (Nohmi et al 1991). How- 
ever, Dam" mutants proved to be stUl UV^ in the ab* 
sence of the virulence plasmid. Thus, if alternative func- 
tions exist, they must map elsewhere. 

Aside from the differences discussed above, Dam" 
mutants of 5. typhimurium share with those of £. coli 
many relevant phenotypes: (1) increased incidence of 
spontaneous mutations, biased toward u^nsitions 
(Guckman 1979); (2) severe hyperrautability (Marinus 
et al 1984); (3) moderate SOS induction (Peterson et 
al 1985) and (4) enhanced duplication segregation, 
which can be suppressed by mutations that eliminate 
mismatch repair (Marinus and Konrad 1976). The bal- 
ance of analogies and differences indicates that Dam 
meihylation performs similar roles in E. coiiand Salmo- 
nella. Moreover^ the ability of the E, coli dam gene to 
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complement 5. typhimurium ^^m mutations suggests that 
Dam methyltransferase may be a function highly con- 
served among both taxa. On the other hand, the differ- 
ences found are less surprising if one considers that the 
genera Escherichia and Salmonella diverge in other 
aspects of recombination and repair (Eisenstadt 
1987). 

Genes regulated by Dam methylation have been tradi- 
tionally discovered by reverse genetics, after the pres- 
ence of 5'-GATG3' sites in or near the promoter (Mari- 
NUS 1987; Noyer-Weidner and TRAiriNER 1993). In 
contrast* classical genetic strategies like the lac fusion 
screening described above can identify novel, un charac- 
terized loci regulated by Dam methylation. Our screen- 
ing has two caveats: ( I) it relies on the use of unmethyl- 
ated DNA that, in general, is a nonphysiological 
condition; thus it might give rise to art^fects whenever 
hemimethylation and unmethylation are not equivalent 
signals; (2) small differences in transcriptional activity 
may not be easily seen on plate tests. Despite these 
potential limitations, the screening has already proved 
useful to detect a locus repressed by Dam methylation, 
located in the 5. typhimurium virulence plasmid. 
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